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EDITORS’ INTRODUCTION 

The present is in many ways a critical time as regards the 
teaching of science in schools. New ideas and new subjects 
are invading the curriculum, and the whole place of science 
in general education is being reconsidered. In past years, 
the main difficulty was to obtain for science her legitimate 
position in the scheme of teaching. To-day, this difficulty 
has been largely overcome, but another has arisen in its 
stead. The difficulty which now confronts those who are 
interested in scientific education in schools, whe/ther from the 
point of view of the general organization of the curriculum, or 
in the actual teaching of individual branches of science, is 
the difficulty of finding some guiding principle to animate the 
science teaching as a whole, to co-ordinate the instruction 
which a boy receives in different years in different branches 
of science, and to dictate which of the innumerable facts of 
science should be inserted, which should be omitted. 

If it is the scientific point of view, and not merely a col- 
lection of facts, that we wish to impress on those we teach, 
then it becomes increasingly necessary to cut out needless 
detail, to concentrate on fundamentals, to arouse interest 
from the outset. A boy who has become interested in the 
ideas of science and has been brought to appreciate scientific 
method is educated in a much more desirable, and indeed in 
a much more complete, way than one who has succeeded simply 
in assimilating a large quantity of detailed facts. 

It is with these ideas in mind that the present series has 
been planned. It is presumed that the education of the 
average boy will fall into two periods — the first, up to the 
age of i6 or i6|, comprising his general education, and pre- 
supposing as final standard one similar to that of the school 
certificate examination, while the second will be arranged so 
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as to allow of a reasonable degree of specialization. It is 
further presumed that science should form a part of the 
general education of every boy. The Clarendon series has 
therefore been designed as a series of readers to form the 
background of science teaching during the period of general 
education, and its aim is thus in many respects in agreement 
with that of the ' Science for All * movement. However, it is 
also thought that the books could profitably be used in the 
later period by specialists in other subjects, who had not 
received any scientific teaching as part of their general 
education. 

A unifying principle has been found in the concept of 
Energy, which has been used as far as possible as the main 
thread on which the argument of the various books of the 
series has been strung. This ensures a certain continuity of 
aim and execution in the series as a whole, and enables the 
authors to dismiss certain subjects, in so far as they are not 
closely connected with the idea of energy, with comparatively 
brief treatment. The adoption of this method, it is hoped, 
will relieve the science curriculum of much irrelevant detail, 
and allow boys to get a more vivid idea of general scientific 
principle and method than would otherwise be possible. In the 
biological volumes the Evolutionary concept is introduced as 
a second main idea. 

The series is definitely not planned to supplant existing 
text-books, but as a series of readers to supplement class- 
room and laboratory instruction. At first sight, the subjects 
treated of will perhaps appear somewhat advanced, but it is 
firmly believed that this will be no obstacle to comprehension 
once the boys' interest has been aroused. 

Julian Huxley 
D. Ll. Hammick 
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INTRODUCTION 

ZOOLOGY or Animal Biology is that branch of science 
which deals with animals. About half a million different 
sorts or species of animals have already been described and 
named, each breeding true to its own special characteristics, 
each different from all others. The number of fresh species 
discovered, described, and named every year is about two 
hundred, and this number is at present increasing, not 
decreasing, year by year. 

Animals inhabit sea, fresh water, land, and air, or they 
may live on or in the bodies of other animals or plants. Their 
range of size is enormous. The malarial parasite is so small 
as easily to inhabit the interior of a human red blood- 
corpuscle, of which five million are normally contained in 
a cubic millimetre of blood ; ^ while the sulphur-bottom 
whale {Balaenoptcra sulphur eus)^ the largest animal known, 
may reach a length of 95 feet, and a weight of 147 tons, or 
nearly three times as much as most express engines (fig. 1 16). 
Their shape is as various as their habits or their size. Some, 
like certain radiolaria, form beautiful geometrical designs ; 
others are almost shapeless, like many parasites (fig. i) and 
sponges ; some resemble plants (fig. 89) ; still others, such 
as the nematode worms, look like long threads ; let alone all 
those innumerable shapes of bird and fish and mammal, 
crab and spider and insect, that we all know. 

It is obvious that any study of all these creatures, their 
structure and mode of working, their habits and their history, 
will soon give us an enormous body of facts which will be 
overwhelming unless we classify them properly. Broadly 
speaking, we want, first of all, to find out how a particular 
animal works, considered as a piece of living mechanism ; 
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* About one-sixtieth of an average drop. . 
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and to compare the ways of working of various animals. 
That is Animal Physiology. And secondly, we want to know 
all we can about the structural plan of animals, to know how 
that structure develops, and to compare the structure of 
different animals. That is Animal Morphology, the science 
of form. Finally, we want to understand, if possible, how and 
why it is that the different individuals and species of animals 
are what they are — their history and as much as possible 
of the causes of that history. That is the science of Animal 
Evolution and Heredity, sometimes called Genetics (although 
this term is often restricted to Heredity alone). 

There remains the problem as to the fundamental differ- 
ence between plants and animals. Why do we call this 
organism a plant, this other organism an animal ? Most 
people would not hesitate, but would say that the animal 
moved while the plant did not ; that the animal was con- 
scious while the plant was not ; that the animal devoured 
its food while the plant absorbed its nutriment from its 
surroundings. None of these criteria, however, is absolute. 
Many animals, like coral-polyps or sea-squirts, are as rooted 
to the spot as most plants ; while some undoubted plants 
move about. He would be a very bold man who asserted that 
a sponge, an undoubted animal, possessed a higher level of 
consciousness than a mushroom or a wall-flower •, while 
many animal parasites absorb their food from the medium 
which bathes them. 

As a matter of fact, the only valid distinction between 
plants and animals is concerned with the type of foodstuffs 
which they can utilize. All organisms, plant or animal, need 
carbon, hydrogen, nitrogen, and oxygen to build the bulk 
of their bodies. Green plants can, with the aid of sunlight, 
obtain carbon from the carbon dioxide of the air or water in 
which they live. They can obtain their hydrogen from water 
and salts, their oxygen directly from the air, their nitrogen 
from simple mineral salts like nitrates. In other words, the 
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green plant can build up living protoplasm from elements 
and the simplest compounds. Every particle of living matter 
added to a green plant means the creation of a new kind of 
material combination. Animals on the other hand cannot 
achieve this synthesis. They have to be provided with highly 
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Fig. I. Parasitism and Recapitulation as illustrated by the Crustacean 
PARASITE Sacculina. (i) Sacculina developing inside a spider crab (Inachus). 
The mid-gut of the spider crab is shown, with the parasite overlying it ( y 2) : 
n. body-rudiment of the parasite ; r, its ‘ roots by which it sucks nutriment 
from the tissues of its host, (ii) Development of Sacculina. (a) Earliest free 
swimming stage or Nauplius with three pairs of appendages. In this stage it 
closely resembles the larvae of many other Crustacea, (b) Later stage, in which 
it attaches itself to its host( magnified). {Cambridge Natural History y iv, 1909.) 


elaborate compounds, all of which in the long run owe their 
existence to the manufacturing powers of plants. An animal 
cannot obtain its carbon from any compound less complex 
than a sugar, a starch, or a fat ; for its nitrogen it must be 
provided with proteins, or at least with the constituent parts 
of proteins known as amino-acids, which are already of con- 
siderable complexity. Animals are in the long run always 
dependent upon green plants ; they are, one might almost 
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say, parasitic upon plants. Green plants by the same token 
are parasitic upon the sun ; they live by stealing energy 
from his rays. 

There are other plants besides green plants : fungi and 
bacteria contain no chlorophyll. Most fungi are as depen- 
dent as are animals upon the previous activities of other 
organisms ; they can only live where decay has provided 
them with raw materials. But even so they are not so helpless 
as animals, and can obtain their food from less complex 
compounds. 

Among the bacteria are forms which show quite extra- 
ordinary modes of nutrition. The most interesting are those 
which can directly fix and utilize the nitrogen of the air, 
a process for whose accomplishment man has to apply 
enormous stores of energy. Others can utilize carbon 
dioxide as their source of carbon without making use of 
chlorophyll. Still others can live without free oxygen, and 
obtain all they want from chemical compounds. However, 
the great bulk of the food-cycle of the world starts with the 
activities of green plants, and all animals, all fungi, and most 
bacteria are in a very real sense dependent upon the green 
plants’ chlorophyll. 

This is the basic distinction between animals and plants, 
and all the differences with which we are so familiar, between 
higher plants and higher animals, are purely secondary. The 
fact that green plants can obtain food from water and air, 
without special search, has led to their developing great 
feeding surfaces — such as the leaves and the roots — in air 
and water respectively. The fact that animals have to find 
their food ready-made has led to their developing mouths 
and stomachs to catch and hold the food, and limbs to move 
from place to place in search of more. The fact of locomotion 
has in its turn made necessary the development of sense- 
organs and nervous system and brain. But all hinges on 
the first and most vital difference. 
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Even so, there are some types, among the simplest and 
smallest creatures, which share animal and plant charac- 
teristics, being able both to take in solid food like a typical 
animal, and to build up food from simple inorganic substances 
like a green plant. Such examples only show the impossibility 
of drawing hard and fast lines in Nature. 

But these are all generalities, and in order to be able to 
deal properly with what is general, we must have a good 
acquaintance with the particular. The best way of doing 
this will be to take a single species of animal and describe its 
structure and working in broad outline. For our purpose 
any one of the higher animals would really serve, but on 
account of the ease with which it can be obtained, its con- 
venient size, and the resemblance of its general structure 
and functions to those of man, we will take the frog as our 
introductory type, while man will be taken later to illustrate 
physiology in more detail. 


The General Anatomy and Physiology of the Frog. 

At first reading, the statement that frogs resemble men 
in any important degree may perhaps raise a smile. It is 
nevertheless true. We can recognize in the frog a great many 
parts that exist in ourselves, arranged moreover in the same 
way. A frog possesses a head, a trunk, and fore and hind 
limbs. The nostrils, eyes, ear-drums, and mouth are ar- 
ranged in the same relative positions as in our head. If we 
look at the skeletons of man and frog, we shall find that both 
possess a skull, a backbone consisting of separate jointed 
pieces or vertebrae, the same type of limb-bones, the same 
kind of teeth. If we dissect them, we shall in both discover 
red blood, a heart in the front of the trunk and on the ventral 
surface, a liver, a pair of kidneys, a spleen, a nerve-cord 
within the backbone, and a great many other organs which 
have a family likeness to each other, and are to be found in 




Fig. 2. Skeletons of Man and Horse, with outline of the bodies, to show 
the correspondence of general plan. E, elbow. H, heel. K, knee. P, pelvis. 
Sh, shoulder-blade. T, tail-vertebrae. W, wrist. 

backbone, but grows its skeleton on the outside. It has a 
heart, but it is in the centre of the body, and towards the 
back or dorsal side ; its blood is nearly colourless ; it has no 
nostrils or ear-drums ; no spleen ; the nerve-cord runs down 
its ventral side instead of along its back ; its kidneys are in 
its head — in fact, it is difficult to find any point in which its 
plan of structure closely resembles that of man (fig. 3). 
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similar positions in the bodies of the two organisms. The 
same plan is also found in the horse (figs. 2, 4, 7). 

But if we had chosen a crayfish, say, as our type, these 
correspondences would not have been there. A crayfish 
possesses not two but nineteen pairs of limbs. It has no 
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We shall come back to this question of the resemblances 
and differences between animals. Now we must return to 
the frog, and ask ourselves what it does and how it does it. 

Like other animals, the frog eats ; it breathes ; it must 
get rid of waste ; it must move in order to procure its food 
or to escape its enemies or to find its mate ; changes in 
the outer world affect it ; there must be some means by 
which the parts of its body can be made to act together as a 
whole, instead of merely as a number of separate parts ; and 
finally, it reproduces its kind. 

Why does the frog, or indeed any other animal, require 
food ? It requires it for two main reasons. First, the frog 
is doing physical work every time it moves ; to do work it 
needs some source of energy ; and, as a matter of fact, it 
obtains this energy by the oxidation or slow combustion of 
some of the substances contained in its food. Secondly, the 
substance out of which it is made is all the time slowly 
wearing out or breaking down, and needs to be repaired 
continually by other substances out of the food. The living 
machine thus burns part of its food for fuel, and uses other 
parts for repairs. 

The frog feeds on worms, small snails and slugs, insects, 
and other small animals. It seizes them with its tongue, 
which is sticky and attached at the front instead of at the 
back, and can be suddenly shot out of the mouth. Once in 
the mouth, the prey is held not only by the teeth, which are 
small, all alike in shape, and only to be found on the upper 
side of the mouth,^ but also by the eyeballs, which, unlike our 
own, can be brought right down into the cavity of the mouth. 
At the back of the mouth the prey is forced into the opening 
of a narrow tube, the gullet, which leads down into the sac- 
like stomach. Once any solid object is inside the gullet, this 
contracts automatically in a series of waves, driving the 

‘ It possesses teeth not only on the upper jaw, but also on the roof 
of the mouth. 
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object downwards and into the stomach.^ Out of the far 
end of the stomach opens a coiled narrow tube, the small 
intestine ; but the opening can be closed by a ring of muscle 
called a sphincter, and as a matter of fact the prey is kept 
in the closed stomach for some time. During this time it is 
exposed to the action of a juice, the gastric juice, which is 
manufactured by the walls of the stomach, and as a result 



Fig. 4. General anatomy and arteries of a male Frog (veins omitted). 
a, stomach ; b, nostril ; c, small intestine ; c.m, artery to pjut ; c.n, artery to 
skin ; d, largfi intestine (rectum) ; d.a^ dorsal aorta ; /, thigh-bone (femur) ; 
h, spleen ; h.a, artery to liver ; i, lung ; m, testis ; o, kidney ; p.a, artery to 
lung ; r, hip-girdle ; s, breastbone ; artery to fore-limb ; s.c, artery to hind- 
limb ; t, tongue ; t.a, truncus ; v, ventricle ; 1,2, and 3, main arteries (arterial 
arches), springing from truncus — i, to head ; 2, to limbs, trunk, and main 
organs ; 3, to lungs and skin. (Marshall, The Frog, 1923.) 

it becomes largely dissolved. When it is reduced to a pulpy 
broth, it is passed on to the intestine. 

Into the beginning of the intestine there opens a very small 
tube or duct. This is the bile-duct, which leads from the 
liver, a very large brownish organ divided into several lobes; 
the bile, which is produced by the liver, is a green fluid, and 
is stored until wanted in a round vessel, the gall-bladder, 
connected with the bile-duct. From the pancreas, a small 
pinkish-white organ, a number of still smaller tubes run to 
' Such a method of contraction is called peristalsis. See p. 109. 
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open into the bile-duct. The bile and pancreatic juice, 
together with a juice derived from the intestine itself, com- 
plete the work begun in the stomach, until finally all of the 
food that is available for the use of the body is dissolved. It 
can now be passed through the living wall of the intestine 
into the blood and so distributed to the rest of the body. 

The process of rendering the food soluble is what we call 
digestion. This is completed in the first part of the small 
intestine, while absorption takes place in the remaining parts. 
When all the absorption that is possible has taken place, 
there still remains some residue, indigestible and useless to 
the animal. This is called the faeces ; ^ it passes from the 
small intestine into the broader and shorter large intestine 
or rectum ; here it is consolidated into pellets, and is 
eventually passed out between the frog's legs at the open- 
ing of the cloaca, from the Latin word for a sewer. 

There is thus a tube, the digestive tube, running from 
mouth to cloaca. Its cavity is open to the exterior at both 
ends, and so is, in a certain sense, not inside the frog at 
all. Digestion is simply the process of turning the food into 
a condition when it can be passed, by absorption, into the 
real interior of the body. It would be perfectly possible for 
an organism to absorb food over the whole surface of its 
body, and, as we shall see later, some animals do so. But in 
a creature like the frog it is obviously important that the 
part of it which is directly exposed to the outer world should 
act as a protective covering. Accordingly we have the exter- 
nal surface covered by the protecting skin, while the duties of 
digestion and absorption, which demand more delicate tissues, 
are carried out by an internal surface, the lining of the gut. 

The stomach and intestine lie in a space, the general body- 
cavity or coelom ; they are kept in place within it by a 
delicate fold of membrane, the mesentery, which connects 
them with the dorsal side of the body-cavity (fig. 5). In this 

* Often popularly miscalled excreta. 
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membrane may be seen a large number of red tubes — blood- 
vessels conveying the red stream of blood, always in the 
same direction in any one tube. On the gut itself a meshwork 
of very small vessels can be seen ; as a matter of fact their 
smallest microscopic branches, or capillaries as they are 
called, come into close connexion with the lining of the 
digestive tube, and the dissolved food-substances are passed 
through their walls into the blood. The small branches can 
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Fig. 5. Section across the hinder end of the trunk in a female Frog. 
The abdominal organs (G, gut; oVy ovary; ody oviduct) protruded into the 
main body-cavity or coelom {Coe), which contains a colourless fluid. The lining 
of the coelom (or peritoneum) is dotted ; the gut is suspended in the coelom by 
the mesentery, a double fold of peritoneum (i); similar folds (2 and 3) support 
the ovary and oviduct. K, the kidneys, protruding slightly into the coelom. 
S, Ds, LSy Vs, Lymph-spaces ; Ao, aorta ; IV C, posterior (inferior) vena cava ; V, a 
vertebra, in which is running the nerve-cord, NC'yfi, spinal nerves. The body- wall 
is composed of skin, lymph-space, muscles (shaded), and outer lining of coelom. 

be seen to unite into larger, and these into larger still, until 
finally the whole of the blood from the gut is seen to pass 
into the liver by a single vessel (see fig. 34), 

Before we pursue the fate of the blood in the liver, we 
must consider the general plan and working of the blood- 
system. The web of a frog's foot or the tail of a tadpole is 
transparent enough for us to see its blood-vessels under the 
microscope. We see solid particles, the blood-corpuscles, 
hurried along within these various-sized tubes in a stream 
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whose motion is always in one direction, and takes place by 
jefks. The blood-vessels are branched, and in some of them 
the blood passes from large trunks to smaller and smaller 
branches, in others from the small branches to the main 
trunks. The former sort of vessel is generally called an artery, 
the latter a vein. If a frog is dissected, most of the large 
trunks are found to end in the heart ; if this is opened, it is 
found to be nothing more nor less than a hollow bag of 
muscle, divided into several chambers. As we shall see, it is 
so constructed that when the muscles contract, or in other 
words the heart beats, the blood is driven through it, always 
in the same direction, owing to the arrangement of valves 
within it. From what we said above, it is clear that the blood 
leaving the heart will pass into the main arteries, and that 
blood will be pushed in from the main veins to take its place. 
The blood moves in jerks because of the successive beats of 
the heart, and the net result of the working of the system is 
that blood is continually circulating from the capillaries to 
the heart and back again. This simple fact of the blood's 
circulation, although at the bottom of any real knowledge 
of physiology, was not discovered until the early seven- 
teenth century, by William Harvey (figs. 34, 35). 

There are three pairs of arteries leaving the frog's heart. One 
divides into branches supplying the mouth, head, and brain. 
The next pair is the largest ; the two members of the pair 
unite to a common trunk running along the back, and called 
the dorsal aorta. This pair sends branches to both limbs, 
to the digestive system and all other internal organs, and to 
the muscles of the body. The third pair sends one branch 
to the lungs and another to the skin. The three pairs between 
them supply blood from the heart directly or indirectly to 
every organ of the body (fig. 4). 

In the organs, the smallest branches of the arteries divide 
into capillaries and the blood is driven on from these into 
the small veins. The system of veins is more complicated 
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than that of the arteries. The blood from the head, fore- 
limbs, skin, and lungs passes directly to the heart ; but that 
from other parts travels a more complicated route. The 
blood from the capillaries of the digestive system, as we saw, 
passes into the liver in a large vein. In the liver, this branches 
and forms capillaries again, new veins are once more formed 
from these, and the blood only reaches the heart after having 
passed through two sets of capillaries instead of one. Such 
a vein is cdiWtd portal ; and we have thus the portal vein of the 
liver. There is also in the frog (but not in man) a portal vein of 
the kidneys, which leads most of the blood from the capillaries 
of the hind-limbs to a second set of capillaries in the kidneys. 

The living tissues of every part of the body are thus in 
contact with capillary blood-vessels, and these have such 
thin walls that soluble substances can diffuse through them 
from the slow-moving blood in them to the tissues or from 
the tissues to the blood. Since the capillaries are all part 
of the single blood-system, and the blood is always in circula- 
tion, it follows that substances from any part of the body can 
be transported to any other part. The blood-system is thus, 
among other things, the body’s system of distribution and 
exchange. It plays roughly the same part in the body of 
a frog or a man as is played in a modern nation by the traffic 
of railways, roads, and canals, the markets and retail trades- 
men, the last-named being represented by the capillaries. 

What is it that the blood distributes ? In the first place, 
food. The dissolved food from the gut is taken to the liver ; 
this acts as a sort of warehouse and refinery. Some surplus 
food is stored there to be distributed gradually as needed, 
and other food substances are chemically changed by its 
action (see p. 113). 

The next substance to be distributed is oxygen. It is 
obvious that energy is needed for carrying out movements, 
and as a matter of fact it is provided by the combination of 
oxygen with substances in the muscles ; the more muscular 



14 Introduction 

work is done, the more oxygen is needed ; the brain, too, 
is very sensitive to lack of oxygen ; indeed we can say that 
the general processes of life in higher animals are only 
possible as a result of steady oxidation. 

Oxygen is a gas. For it to pass into the blood there is 
needed a moist membrane, very thin, with oxygen on the 
one side and capillaries on the other. Since oxygen exists 
in the air, it would be possible for the skin to be utilized as 
such a membrane ; and this does actually happen in the 
frog. Its skin is very richly supplied with blood-vessels, and 
is always moist. As a result, frogs can only live in damp 
places. Higher organisms, such as ourselves, have a stronger 
skin, and one which is ary. They can, therefore, live in 
more varied surroundings, but can no longer use their skin 
for absorbing oxygen. 

The frog, however, does not rely entirely on its skin, and 
it also possesses lungs, which can best be thought of as an 
internal surface specially designed for exchange of gases 
between blood and air. The lungs in both frog and man are 
a pair of spongy thin-walled bags divided up into a great 
number of compartments (and so providing a great deal of 
surface) in whose walls run very many blood-vessels. They 
are put into communication with the air by means of a tube, 
the wind-pipe or trachea, which opens into the back of the 
mouth-cavity just in front of the gullet. In ourselves, air is 
sucked into and forced out of the lungs mainly by the move- 
ments of the chest and diaphragm, to whose walls the lungs 
are attached. But in the frog, air is sucked into the mouth 
through the nostrils, and then forced down into the lungs 
by contraction of the muscles of the throat, the nostrils 
being at the same time closed ; it is driven out again by 
the elasticity of the lungs themselves. The frog has no 
diaphragm. The difference between our method and the 
frog’s is like that between a suction-pump and a force-pump. 

The oxygen passes into the blood-system through lungs 
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and skin, and, like the food, is distributed by the circulating 
blood to all parts of the body. Here it enters into combination 
with various constituents of the living substance, and, as 
a final result of these chemical processes, waste-products are 
produced, which damage the organism if they accumulate, 
and must be got rid of. The most important of these end- 
products of life’s activity are carbon dioxide (COg), water 
(HgO), and urea (NgH^CO) ; and the process of ridding the 
body of such substances is called excretion. Carbon dioxide 
is a gas, and its excretion can and does take place through 
the same membranes, of lungs and skin, which serve for the 
intake of oxygen. Urea, however, and any surplus salts, are 
not gaseous and so can best be excreted in solution.^ The 
chief organs which remove substances from the blood in 
solution are the kidneys. In the frog, these are found at 
the back of the coelom (figs. 4, 5). They consist of a great 
number of microscopic tubes, twisted together, and richly 
supplied with blood. The tubes eventually all open into 
a large draining-tube, or duct, which runs backward and 
opens into the cloaca. Surplus urea and salts, together with 
water, are taken up from the blood by the little tubes, and the 
resulting fluid or urine is drained out along the duct (fig. 41). 

Just opposite the openings of the ducts into the cloaca is 
another opening, that of the bladder, which is thin-walled 
and muscular, and lies on the front of the large intestine. 
This is simply used to store the urine until a considerable 
amount has accumulated, when it is passed out of the cloaca. 

Finally, not all the surplus water is excreted by the kid- 
neys ; some is got rid of in the form of water-vapour by 
lungs and skin. 

The whole of the chemical processes going on in an 

* They could also be removed from any share in the processes of life 
by being rendered insoluble. This occurs, for example, in lobsters and 
crabs, where some waste substances are deposited in the shell, and got 
rid of at moulting. 
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organism are known collectively as its metabolism. This 
consists partly of the building-up of the soluble food-materials 
into very complex colloid molecules, of which the living 
framework consists, partly in the breakdown and wastage of 
this framework, partly in the breakdown of the simpler 
substances which act as fuel for energy-production. 

If we now turn back for a moment to the blood-system, 
and consider its detailed arrangement, we shall see that this 
can be understood in relation to metabolism. It will be 
easier to illustrate this from the blood-system of man, which 
is in some ways both simpler and more efficient. Here the 
heart consists of two separate halves, a right and a left, each 
consisting of a thin-walled chamber or auricle opening into 
a thicker- walled ventricle. The veins enter the auricles, the 
arteries leave the ventricles ; and there exist flaps of mem- 
brane which act as valves and only allow the blood to pass 
in the one direction. The only veins v/hich enter the left 
auricle come from the lungs ; they therefore contain blood 
rich in oxygen and poor in carbon dioxide. In this condition 
blood is called arterial. From the left auricle it passes on into 
the left ventricle, and thence into the main artery or aorta, 
whose branches carry blood to all the organs with the single 
exception of the lungs. In the capillaries of the organs, the 
living tissues take the oxygen they need from the blood, and 
discharge into it the carbon dioxide they have produced. 
The resultant blood, poor in oxygen but rich in carbon 
dioxide and other waste-products, and called venous blood, is 
collected in the veins, and is sucked into the right auricle. 
Thence it is pumped into the right ventricle, and so through 
an artery to the lungs. The way in which the system of 
pump and tubes is constructed thus ensures that all blood 
which has given away oxygen to the organs of the body shall 
go to the lungs, to be charged again with oxygen and to be 
rid of carbon dioxide, before going out once more to any 
of the other organs. The portal vein takes all the blood from 
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the digestive system to the liver so that the surplus food 
materials may be there dealt with at once before going to the 
rest of the tissues ; the liver is thus in one respect like a 
central storehouse from which certain food-stuffs are rationed 
to the rest of the body as required (see fig. 34) 

In the frog the plan of the blood-system is slightly 
different. Both auricles open into one single ventricle, so 
that some mixing of venous and arterial blood takes place. 
From the ventricle springs a tubular part of the heart, or 
truJicus, not found in man. The position of the aperture 
from ventricle to truncus, and the valves inside the truncus, 
are so arranged, however, that the most arterial blood passes 
into the artery leading to the head, the mixed blood into that 
supplying the limbs and body, the most venous blood into 
that leading to the lungs. Thus the brain gets the blood 
richest in oxygen, and most, but not all, of the venous blood 
is taken to the lungs before again going to body or head. 

The blood-system, however, is not only concerned with 
transport. Organisms are faced with the problem of co- 
ordination : and the blood-system provides one method of 
dealing with this. The problem is this : given a number of 
organs, such as heart, lungs, limbs, stomach, kidneys, brain — 
how to ensure that they shall work together for the good of 
the organism, and not simply pursue their own activities 
independently of each other — how, in other words, to con- 
vert a mob into an army. 

The way in which the pancreas is made to secrete its 
digestive juice at the right time, and only at the right time, 
will provide us with a good example of co-ordination through 
the blood-stream. The pancreas is usually inactive ; but the 
passage of food from the stomach into the intestine is known 
to be followed by a secretion of pancreatic juice which is 
poured down the duct to help digest the food. How is this 
done ? When the food passes into the intestine, it stimulates 
the intestine chemically, causing it to secrete a special sub- 
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stance from its lining ; this passes into the blood, circulates 
through the whole body, but, though it exerts no effect on 
most organs, stimulates the pancreas (and probably the liver) 
to activity. This substance is called ‘ secretin It can be 
artificially extracted from the lining of the intestine and will 
then, if injected, cause the^ pancreas to secrete. Such * chemi- 
cal messengers ’ are called hormones^ and the blood provides 
the channel by which they exert their chemical co-ordination 
between parts of the body. As they are secreted into the 
blood, and not down a duct on to some free surface, they are 
included under the term internal secretions. 

Other internal secretions regulate growth and metabolism, 
prevent one organ from growing disproportionately to the 
rest, or have a say in the rate at which the various chemical 
processes of life shall work. A substance secreted by the 
pituitary, for instance, which is a small gland at the base of 
the brain, influences the growth of bone. If too much of it 
is present in youth the bones grow excessively, and giants 
are the result. Another substance secreted by the same gland 
causes frogs to become darker in colour. The thyroid gland 
is situated in the neck region of Vertebrates. Its secretion 
influences the rate at which their metabolism goes on ; with 
most mammals, too much makes them nervous and excitable, 
too little leaves them sluggish in mind and body. The 
adrenals, the parathyroids, the pancreas, the reproductive 
organs, and probably other organs also produce internal 
secretions. 

Finally, the blood helps in the defence of the body. If 
proteins which are not normally found in a certain organism 
are injected into it, they are precipitated or broken down into 
simpler substances. Not only that, but if they are injected 
a second time after a proper interval, they can be destroyed 
more rapidly and in greater quantity. Bacteria, many of 
which, if they could live in the tissues or the blood, would 
give rise to diseases, contain such foreign proteins ; and in 
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Nature it is chiefly bacteria which are thus destroyed if they 
obtain an entrance into the tissues. Familiar examples of the 
utilization of this property are vaccination, preventive inocula- 
tion for typhoid, and the antitoxin treatment of diphtheria. 

The blood is thus the great distributor ; it distributes the 
raw materials of life, its waste products, the chemical sub- 
stances concerned in co-ordination and 'regulation, and those 
which help in the protection against disease. It is a middle- 
man between each living part of the body and every other, 
and its circulation, begun in the first weeks of life, must 
continue uninterruptedly if life is to be maintained. The 
only rest which the heart can have is between each beat and 
the next. 

There is in the frog, as in man, another set of spaces filled 
with fluid which are circulatory in function. These are the 
lymphatics (fig. 37). Into them any surplus fluid which has 
passed from the blood into the tissues is drained out, and 
this fluid, for reasons we shall see later, is not red but 
colourless. In man the lymphatics start as small irregular 
spaces, which unite and eventually drain into one of the 
large veins. In the frog, however, the small lymph-spaces 
unite into very large lymph-sacs, the biggest of which, filled 
with clear fluid lymph, lie between the skin and the muscles 
of the body- wall. To pass lymph from these into the veins, 
special lymph-hearts exist — two pairs of small muscular sacs 
pumping after the fashion of the true heart. The faint pul- 
sation of one pair of these can be seen in life, just anterior 
to the cloaca, on the dorsal surface between the backbone and 
the hip-bones : the other pair is below the shoulder-blades. 

The frog can move from place to place ; and special 
organs are needed for movement as for digestion and circula- 
tion. The actual parts of the frog by which movement is 
effected are the muscles or flesh. Muscle is a form of living 
substance which has the property of contraction, or altering 
its shape, when stimulated in certain ways ; it shortens its 
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length, while increasing in breadth There is, for instance, 
a layer of muscle arranged circularly round the gullet (as also 
round the rest of the gut). When this contracts in any one 
place, it narrows the tube of the gullet there ; and it is by 
a wave of such contraction travelling from top to bottom 
of the gullet-muscles that food is automatically passed down 
into the stomach. Or again, when the muscles of the bladder 
contract, the cavity of the bladder is made smaller and 



Fig. 6. The biceps and skeleton op the human fore-limb, to illustrate 
the lever action of muscles. The muscle is attached to the shoulder-blade at 
a, by means of two tendons ; and to the radius bone in the forearm by one 
tendon at P. F is the fulcrum of the lever-system, represented by the elbow- 
joint; the power is applied at P ; and the hand represents the weight to be 
raised, W. When the biceps contracts it becomes thicker and shorter, and con- 
sequently the hand and the forearm are raised. (Huxley, Lessons in Elementary 
Physiology i 1915.) 


urine is expelled. For moving the animal from place to 
place on land, however, some part of the body must be held 
fixed against the ground, and the rest of the body moved 
relative to this fixed point. To accomplish this, a jointed 
framework is necessary ; and this is provided in the frog by 
the skeleton, composed of substances known as bone and 
cartilage (fig. 6). 

■ The skeleton, however, serves other purposes besides 
enabling the contraction of the muscles to effect movement. 
For one thing it acts as a support to the whole body. Living 




Fig. 7. The skeleton of a Frog. Note the skull, with cranium (//>), 
auditory capsules (0), nasal capsules («), jaws (m, p)^ orbits (between cranium 

and jaws) ; backbone composed of nine separate vertebrae and a rod (w) repre- 
senting several vertebrae fused together ; shoulder-girdle (the shoulder-blade 
(d) removed on the left side to show the ventral portions of the girdle) ; fore- 
limb, with humerus (Ji), fused radius and ulna (r), wrist (/), and digits {g) ; 
pelvic girdle, the dorsal part of which (ilium, i) articulates with the sacrum 
(sacral vertebra, sv) ; and hind-limb, with femur (/) articulating with the pelvic 
girdle, fused tibia and fibula (0, ankle with elongation of two bones (astragalus 
a, and heel-bone or calcaneum, c), and digits {k). (Marshall, The Frog, 1923.) 
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substance itself is soft and semi-fluid, with a specific gravity 
very slightly greater than that of water. Animals which live 
in the water, therefore, are almost entirely supported by the 
water ; but a land animal of any size requires a firm skeleton 
to prevent it collapsing under the force of its own weight. 
A frog without a skeleton would spread out, if in air, like 
an egg taken out of its shell ; whereas jelly-fish far bigger 
than frogs can manage to preserve their shape in water with 
no support except their watery jelly. 

Again, certain delicate organs require to be protected 
against injury and shock ; in the frog, the brain and spinal 
cord, the organs of smell and hearing, and to a certain extent 
the eye, are enclosed within parts of the skeleton. 

The frog’s skeleton (fig. 7) is built on the same general plan 
as that of a man. There is first a central portion consisting 
of skull and backbone. The skull is a composite structure. 
In the centre is the brain-box or cranium, containing the 
whole of the brain. In front of these are the two nasal 
capsules, closed above and at the sides, open below, in which 
the organs of smell are lodged. At either side of the cranium’s 
hinder end are similar but still more completely closed cap- 
sules, to house the organs of hearing. The skeleton of the 
upper jaw is fixed to the nasal capsules in front and to the 
ear-capsules behind. On it are numerous small teeth, all of 
the same pattern, and merely attached to the surface of the 
jaw, instead of being firmly fixed in sockets like our own. 
There are teeth also on a pair of small bones near the centre 
of the roof of the mouth, but none on the lower jaw-bone, 
which is hinged to the hind end of the upper jaw. The 
orbits, or spaces for the eyeballs, lie between the cranium 
and the upper jaw. There is finally the hyoid, a small plate 
embedded in the floor of the mouth and attached to the 
hinder end of the skull ; this gives attachment to the muscles 
which move the tongue. 

The backbone encloses the spinal cord. It is formed of 
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nine separate pieces or vertebrae, together with a longer rod 
at the hind end which represents a number of vertebrae 
joined together. Each vertebra consists essentially of a more 
solid ventral piece, mainly for support, to whose upper side 
is attached an arch for the protection of the spinal cord. The 
first vertebra fits on to the hind end of the skull, and the 
others are jointed to each other by ball-and-socket joints 
in the supporting portions, and by pairs of smooth surfaces 
springing from the arches and fitting one against the other. 
There are no ribs in the frog. 

The skeleton of the hind-limb consists of a thigh-bone, 
fitting at its upper end into the hip-girdle ; a shank-bone ; 
the ankle-bones ; and the bones of the foot, each toe con- 
taining a series of small bones arranged in a row. All these 
parts are jointed to each other in various ways. The joint 
between thigh and hip-girdle is arranged on a ball-and- 
socket principle, allowing the thigh to be moved into a great 
variety of positions ; those between thigh and shank or shank 
and ankle, however, while allowing free motion backwards 
and forwards, do not allow much in other directions. A 
number of muscles are to be found in the hind-limb. They 
may be attached directly to a part of the skeleton, or in- 
directly by means of a tendon, a tough sinewy cord, which 
may be fixed to a bone some distance away, and so act like 
a pulley-rope. 

The skeleton of the fore-limb is built on exactly the same 
plan, but all its parts are shorter, particularly that part (the 
wrist) which corresponds with the ankle in the hind- leg. 
All animals which jump have their jumping legs elongated 
in order to give powerful leverage ; one has but to think of 
a grasshopper, a kangaroo, or a jerboa, besides the frog. 

The hind-legs are attached to the hip-girdle, and this in 
its turn is firmly attached to part of the backbone. The fore- 
limbs’ skeleton is also attached to another portion of the 
skeleton, the shoulder-girdle ; this, however, is not attached 
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to the backbone, but is simply embedded in the muscles of 
the body-wall. The shoulder-girdle also joins ventrally on to 
the breast-bone or sternum, which protects the heart, and gives 
attachment to muscles moving the fore-limbs and the hyoid. 

By means of the muscles and the skeleton, then, the frog 
can move. But how are its movements to be regulated, made 
to serve some useful purpose such as capturing food ? How 
are the muscles to be co-ordinated together instead of one 
working independently of, or even in antagonism to, another } 
This is effected by means of the nervous system and the 
receptor organs. • 

The receptor organs are those parts of the living organism 
which are specially sensitive to the changes going on around 
them. Some of them are affected by the changes going on 
inside the body in muscles and joints and in the organ of 
balance (proprioceptors), others by the changes taking place 
in the world outside (exteroceptors). Some of these latter 
are especially sensitive to changes of temperature, others to 
changes of pressure ; some to waves in the ether (light), 
others to waves in the air ; others again to chemical sub- 
stances ; some translate all changes which affect them into 
a sense of pain. 

The exteroceptor organs are the windows of the animal 
into the outer world. Through the proprioceptors we are 
aware of the position of the various parts of the body, which 
of course depend on the degree of contraction of a number 
of muscles, the degree of bending of the various joints, and 
upon our position with regard to the vertical. The receptor 
organs include the sense organs, but are not the same thing, 
since many receptors when stimulated do not always give rise 
to sensations, and some never do. 

A receptor organ, in fact, is in itself responsive to one 
particular sort of change, but its stimulation may or may not 
give rise to a sensation in consciousness. They enable action 
to take place in response to changes inside or outside the 
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body, and in some cases in addition the animal is through 
them made aware of these changes, by sensations being 
aroused. Receptor organs may be large and important struc- 
tures ; such, in the frog or man, are the eye, the ear, and the 
organ of smell. By means of the eye it is possible for the frog 
to be aware of the form, size, and probably colour of objects 
at a distance ; if it had no ear it would not only be unable to 
perceive sounds, but also to balance itself. The nose enables 
it to detect distant objects by reacting chemically with 
particles which they give off into the air. 



Fig. 8. The right inner ear (membranous labyrinth) of a Frog, seen from 
the outer side, a, p, and h are the three semicircular canals (anterior, posterior, 
and horizontal respectively), in the three planes of space, with swellings (am- 
pullae) at b, r, and i. u is the utricle, s the saccule. From the saccule the 
cochlea of mammals develops (see p. 131). (Marshall, The Frog, 1923.) 

Taste, like smell, is a chemical sense, but gives information 
not about distant objects but about those which find their 
way into the mouth ; a number of very small taste-organs 
are scattered over certain parts of the tongue. 

The receptor organs for touch, pain, heat, and cold are 
all microscopic, and are scattered over the surface of the 
body, more abundantly in some regions than in others. 

In all the higher animals, receptor organs are always con- 
nected with the nervous system. This consists of the central 
nervous system, and the nerves and ganglia (fig. 9). The 
central nervous system includes the brain and the spinal 
cord. The brain of a frog is a soft whitish organ, richly 
supplied with blood, and of a complicated shape. We can 
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distinguish three main divisions in it, the fore-brain, the 
mid-brain, and the hind-brain. In the fore-brain, the largest 
part (and as we shall later see, in some ways the most impor- 
tant) is the cerebrum, consisting of the paired cerebral hemi- 
spheres. In front of this are olfactory lobes connected with 
the nerves of smell ; behind it a small part with curious 
stalked bodies arising from it, the pineal above and the 
glandular pituitary below. The mid-brain is small ; the 
hind-brain again large, and divided into the cerebellum and 
the medulla. 

The spinal cord is joined to the medulla. It runs the length 
of the backbone, and has no specially distinguishable parts. 
From both brain and spinal cord spring a number of white 
branching structures, the nerves. Those from the brain are 
called the cranial nerves. When traced out, most of them 
are found to end in the sense-organs and muscles of the head, 
but one pair in particular, the vagus nerves, run right down 
into the body and send branches to heart, lungs, stomach, 
and other organs. On the other hand, none of the spinal 
nerves, from the spinal cord, run up into the head (except 
the first, which supplies the throat region) ; they end in the 
receptor organs of the body and in the muscles of the limbs 
and body-wall. 

Down the back of the body-cavity there may also be seen 
a double chain of nerves which is not directly connected 
with either brain or spinal cord. On this chain there is 
typically a swelling or ganglion opposite each spinal nerve, 
and this ganglion is connected with the corresponding spinal 
nerve by a thin nerve-branch ; the chain also continues into 
the head, where similar connexions are made with some of 
the cranial nerves. This set of nerves is called the sym- 
pathetic system ; the branches given off from it run mainly 
to glands and to muscles not connected with the skeleton 
but forming part of internal organs such as those of blood- 
vessels, of the digestive tube and of the bladder. 
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Fig. q. The nervous system of a frog, in ventral view. The membranous nasal 
sac (N) enclosing the organ of smell, and the eyeball (o), are also shown. I, olfactory 
nerve from nose; II, optic nerve from eye; III, IV, VI, nerves to eye-muscles; 
VII, facial nerve ; VIII, nerve from ear ; X, vagus nerve to heart, stomach, lungs, and 
larynx. M i-M lo, the ten spinal nerves ; S, sympathetic chain, with sympathetic 
ganglia. S iS lo, each connected with their corresponding spinal nerves. Note the 
junction of M a and M 3 to form a plexus for the arm, and of M 7-M 10 to form one 
for the leg. 

In the brain the cerebral hemispheres (He) are shown, with the olfactory lobes in 
front of them. Behind the X-shaped figure made by the junction of the optic nerve lies 
the pituitary. M marks the junction of the medulla oblongata and spinal cord. (Marshall, 
The Frog, XQ23O 
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What is the function of the nervous system ? When we 
examine a nerve we find that it is composed of a bundle 
of nerve-fibres, in the same way as an electric cable is com- 
posed of a bundle of wires. Each of these nerve-fibres is 
a microscopic thread of living substance which has the power 
of conducting impulses or excitations very rapidly along its 
length, roughly as a wire conducts an electric current.^ And 
the nerves themselves are like cables each containing a num- 
ber of wires. The nerve-fibres from receptor organs run 
in nerves until they reach the central nervous system, and 
there split up into a number of very fine branches. 

Other nerve-fibres carry impulses outwards and are con- 
nected with what we call effector organs — organs which are 
capable of active work, the muscles and the glands. The two 
sorts of nerves are called afferent and efferent, because of 
their carrying messages to and from the central nervous 
system respectively ; or sometimes sensory and motor, be- 
cause of their main functions. 

The ends of the afferent fibres inside the central nervous 
system are branched. These branches come into contact 
with those of other cells, and sooner or later with the similar 
branches of efferent fibres. Sometimes they connect, after 
a few intermediate steps, with cells which send out efferent 
fibres in the same region of the cord. In other cases they 
connect with the end-branches of cells whose fibres run up 
and down wffhin the central nervous system, often up to the 
brain ; but even so the other ends of these fibres are always 
connected, directly or indirectly, with efferent fibres. ^ 

All messages from receptor organs, therefore, always pass 
to the spinal cord or brain ; within these organs, they are, 
either directly or indirectly, passed on to efferent fibres ; and 

" In man, impulses are conducted along nerve-fibres at the rate of 
about 120 metres a second, in a frog more slowly, at the rate of 28 metres 
a second. 

^ The point of contact between the branches of two separate nerve- 
cells is called a synapse. 



The Nervous System 29 

so finally to muscles or glands. The result on these effector 
organs may be either to start or to increase their activity 
(‘ excitation ’), or else to diminish or stop it (‘ inhibition ’). 
In any case, by means of the nervous system, a change in 
the outer world or in the body itself is made to exert an effect 
on the working of muscles or glands, often in quite other 
parts of the body (see fig. 42). 

When an action is carried out thus by an effector organ 
as the result of a stimulus transmitted to it along nerve- 
fibres from a receptor organ, it is called a reflex action (or 
simply a reflex), because the stimulus travels to the central 
nervous system and is then, as it were, reflected outwards 
again along the efferent fibre ; and the arrangement of 
organs concerned in it is called a reflex arc. Good examples 
of a reflex action are the narrowing of the pupil of the eye 
when strong light falls upon it, and the watering of the 
mouth at the sight of appetizing food. In both cases the eye 
is the receptor organ, but in one case the effector organ is 
a muscle (the circular muscle of the iris or coloured portion of 
the eye), in the other a gland (the salivary gland). 

The spinal nerves and spinal cord, taken by themselves, 
represent nothing but a huge system of interrelated reflex 
arcs ; in other words, a wonderful arrangement for trans- 
lating changes in the outer world, through their effects on 
receptor organs and nerve-fibres, into action. A particular 
stimulus will automatically call forth a particular action 
because there is a path (predetermined through heredity) 
in the nervous system from the receptor organ affected by 
the stimulus to the muscle or gland which acts. That this 
is so can be shown by destroying the whole brain of a frog. 
The rest of the frog is now quite unconscious, but can con- 
tinue to live for many hours. The limbs hang limp ; but 
if the toes are pinched, the leg will be drawn up ; if a drop 
of acid be placed on the skin of the back, the leg will be 
raised to wipe it away. It may be noted that the number of 
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efferent paths is considerably smaller than the number of 
afferent. The nervous system in this respect is like a funnel, 
with stimuli poured into its broad top, to issue in a narrower 
stream of action. 

What then does the brain do in the frog’s organism ? In 
the first place it receives the messages from the large organs 
of special sense in the head — sight, hearing, smell, and taste. 
Secondly, it is the main controlling centre of the animal. 
Thirdly, it (or rather part of it) is the seat of consciousness.^ 
Owing to the first cause, the constant stimulation through the 
organs of special sense, the brain is in more intimate relation 
with the outer world, and with more of the events of the outer 
world, than is the spinal cord or any other part of the frog. 

Then there is the question of control. In the spinal cord 
not all the branches of afferent fibres connect at once with 
branches of efferent fibres leaving the cord ; some enter 
into relation with special fibres which run up inside the 
cord to the brain, and there make connexions with fibres of 
the brain. From other parts of the brain, fibres run down the 
cord again, and come into contact there with branches of 
efferent fibres. The efferent nerves of the cord, therefore, can 
be affected first by the messages of the sense-organs brought 
along the afferent fibres, and secondly by messages from the 
brain. Now the brain, as we saw, is in better contact with 
the outer world than is the rest of the frog ; further, it is 
the seat of memory. ,Thus the messages from the receptor 
organs of the skin and of the inside of the body are sent up 
to the brain and there brought into relation with messages 
from more distant surroundings and with records of the past. 
In just the same way, in an army in the field, the battalions 
in the line send up reports to Head-quarters of what they 

^ In man the fore-brain is known to be the part of the organism with 
which consciousness is bound up. We presume that the frog, too, possesses 
some degree of consciousness, and that this is related to the same part 
of the brain as in ourselves ; although the evidence is of course indirect. 
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have discovered about the enemy, and of what they themselves 
are doing ; and at Head-quarters these reports are considered 
in the light of the much wider knowledge both of present 
and past conditions, acquired through the Intelligence and 
Operations branches. Finally, just as a battalion commander 
might think that to attack was the right policy and yet might 
be ordered to remain inactive owing to some situation far 
behind the enemy’s front, of which he knew nothing, so 
the reflex action which would inevitably take place if the 
spinal cord were left to itself may be altered or entirely 
stopped by messages reaching it from the brain. A sneeze, 
for example, is a reflex action, but we can usually stop it by 
an effort of will if we realize, for instance, that to make a 
noise will put us in danger, or remember that there is an 
invalid in the room who must not be awakened. 

Finally, states of consciousness seem to correspond with 
special ways of setting the connexions in the brain. When 
we are angry, the brain-connexions are so set that messages 
may run out to all the effector organs concerned in attack 
and defence ; when we are afraid, the machinery for running 
away is put in readiness ; when we are depressed, it means 
a damping-down of all our general activities, and so forth. 

The reflex arcs connected with the spinal cord thus 
represent the machinery by which an animal’s actions are 
possible. But the particular actions carried out depend upon 
the way in which the brain influences this mechanism. The 
range of actions possible to a frog is much less than that 
possible to a dog or monkey ; and that of a dog or monkey, 
again, very much less than that possible to a man. The 
differences between the spinal- cord machinery of the three 
types of animals, however, is comparatively small ; it is 
through differences in the brain that the same general 
machinery can be adapted to many more situations and made 
to carry out a far greater number of distinct actions. 

By means of the nervous system, then, as well as through 
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the blood-system, co-ordination is carried out. But whereas 
the co-ordination effected by internal secretions in the blood 
is primarily between one internal organ and another, that 
effected by nerves is largely between the outer world, as it 
stimulates the receptor organs, and internal organs. What is 
more, a much more finely adjusted co-ordination can take 
place through the nerves than through the blood. Actions 
like the accurate bringing up of the frog’s leg to the parti- 
cular spot on the back which is stimulated, or my using my 
pen to write these words, involve just the right degree of 
contraction of a large number of muscles, and are far more 
complex and nicely adjusted in detail than the secretion of 
the pancreas under the influence of the hormone from the 
intestine, or the darkening of the frog’s skin when the 
pituitary hormone is injected. Furthermore, in the working 
of the nervous system, we find that one part is in the relation 
of central head-quarters and so dominates or controls the 
rest, whereas nothing of the sort happens in co-ordination 
through the blood. 

We have not yet mentioned the reproductive system, by 
means of which new frogs are produced from old ; but this 
will be best treated in another chapter. 

So far we have dealt with the working of the frog’s 
organism, and the plan of its structure. It remains to consider 
the frog in relation to its surroundings. When we do this, 
we find that there are so many correspondences that they 
cannot well be due to chance. The common frog spends 
much of its time in the water ; and its hind feet have a web 
between the toes. It uses its skin for respiration ; and lives 
in damp places. It feeds on small animals ; and has a tongue 
suited for seizing such prey with lightning rapidity. It is 
preyed upon by various birds ; but has a blotched skin to 
camouflage it, and, furthermore, a skin which changes colour 
with its surroundings, becoming darker on a dark background 
and vice versa. The tree-frog, on the other hand, lives among 
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the leaves of trees ; and it is coloured green. It must climb 
tree-trunks ; and possesses special adhesive pads on its feet. 
The tongue of a frog would be of no service to a grass-eating 
cow, nor its webbed feet to a dog or cat, nor its skin to 
a desert-dwelling animal. 

In brief, the structure and habits of the frog, like those of 
all other organisms, fit its surroundings ; and we say that it 
is adapted to its particular environment. How it is that 
animals and plants are adapted to their surroundings is 
another and far more difficult problem, which we must leave 
for the present. 

Our next immediate concern is to penetrate into greater 
detail of the frog’s anatomy. So far we have only considered 
structures visible with the naked eye or with the help of 
a hand-lens. But by means of the microscope we can submit 
the frog’s tissues to a magnification of several hundred 
diameters, and see much that was invisible before. This 
branch of Zoology is called Histology, or the microscopic 
anatomy of tissues. 

Perhaps the most important fact revealed by these methods 
is the fact that all tissues are made up of definite units of 
living substance, usually called cells. The name cell is not 
a very good one, as it suggests hollow boxes, and the living 
cell is not hollow and is in no sense like a box. However, the 
name was first given to the hollow boxes of which cork and 
pith are seen to be composed when examined under the 
niicrpscope ; these are the dead cases of once living tissue- 
units. Then the name was transferred to the living tissue- 
units of plants, living contents, box, and all ; and finally, 
when it was clear that the slimy contents were the essential 
and the box something incidental, found in plants and not 
in animals, the term became restricted to the contents, and 
the box of cellulose in plants was called the cell- wall. 

* A cell is the functional unit of living substance or proto- 
plasm. This semi-fluid, almost transparent material, generally 
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containing granules, is a complex mixture of substances, 
some of which in their turn are also of extreme chemical 
complexity. Cells, both of animals and plants, normally 
possess a specialized cell-membrane at the surface, which 
regulates the passage of materials in and out of the cell, and 
a central usually rounded body with a definite membrane 
of its own, the nucleus. The protoplasm apart from the 
nucleus is called the cytoplasm. 

All tissues are made up of living cells, together in some 
cases with dead substances produced by cells ; and each tissue 
consists of one or a few characteristic kinds of cells, arranged 
in a characteristic way 

Blood is the tissue (if we may stretch the term ‘ tissue * to 
cover a mass of cells not joined together, but moving freely 
in a fluid) which is most easily examined microscopically. 
If we look at a small drop of frog’s blood under the micro- 
scope, we shall see that it contains thousands of cells. The 
commonest type is a flattened oval in shape, with its 
cytoplasm of a faint straw colour, and containing a central 
uncoloured nucleus. In bulk these corpuscles give blood 
its red colour, and are called the red corpuscles. Their 
colour is due to a pigment called haemoglobin which they 
contain, and by means of which they convey oxygen round 
the blood-stream (fig. 35) . Human red corpuscles are smaller, 
bi-concave, and without a nucleus. Besides these, there will 
be seen a number of smaller, uncoloured bodies, capable of 
slow movements and alterations of shape ; these are called the 
white corpuscles. Most white corpuscles have the power of 
devouring bacteria and other foreign particles (fig. 36) . When 
they collect in large numbers inflammation is often found. 
They are the body’s microscopic policemen and scavengers. 

Next we distinguish a whole group of tissues which form 
linings to surfaces, whether external or internal ; such a 
lining is called an epithelium. The body-cavity, for instance, 
is lined by a single layer of flattened cells fitted together like 
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a simple jig-saw puzzle ; the absorptive lining of the gut 
by narrow cylindrical cells ; the lining of the wind-pipe by 
cubical cells armed with tiny lashes or cilia which beat 
uninterruptedly and drive any small foreign particles up and 
out of the wind-pipe. The outer skin, or epidermis, on the 
other hand, is an epithelium of many layers of cells. The 
lower ones are roughly cubical, and are continually producing 
new cells which become gradually transformed into horny 
plates to be rubbed off on the outer surface as scurf ; in 
this tissue, therefore, cells are constantly dying throughout 
life, being sacrificed for the good of the whole organism. 
The horny layer is much better developed in land-forms 
than in water animals or the moist-skinned frog (fig. 47) . 

Organs of touch are scattered just below the epidermis, 
and numerous glands open on it — sweat-glands, for instance, 
in man, slime-glands in the frog. Glands are those parts of 
the organism whose function it is to extract or manufac- 
ture particular substances from the blood, whether they are 
substances of which the organism will make use, or substances 
of which it must rid itself. The pancreas secretes pancreatic 
juice for use in digestion, the kidneys secrete urine for elimi- 
nation from the system. The simplest kinds of glands are 
single cells, such as the mucus or slime cells which are scat- 
tered among the absorptive cells of the frog’s intestine, and 
secrete a lubricating fluid. Most glands, however, are many- 
celled tubes or pockets of epithelium, either unbranched or 
slightly branched like the glands of the stomach, or much- 
branched like the liver or salivary gland. Their cells are 
usually more or less cubical. Generally little spherules of the 
substance which they secrete are to be seen within their cells ; 
after a gland has been in action, however, these are seen to 
have disappeared — they have been discharged (fig. 39). 

The cells of muscles are very remarkable structures. The 
simplest are found in smooth muscle ; they are very much 
elongated, and are marked with a number of fine fibrils 
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along their length. In voluntary muscles (those attached to 
the skeleton), each unit is made of a number of cells run 
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tary muscle. The presence of these bands is somehow 
associated with greater rapidity in contraction. 

Next we have a group of tissues called the supporting 
tissues. They have the property of secreting dead substances 
out of their living selves, and by this means building a 
skeleton or framework. In gristle (cartilage), for example, 
a number of roundish cells can be seen, embedded in a stiff 



Fig. it. The fibres of ordinary connective tissue after removal of 
THE CELLS, a and b, bundles of white fibres ; c, single elastic (yellow) fibres. 
(Huxley, Elementayy Lessons in Physiology ^ 1915.) 


jelly-like substance which they have produced. The same 
is true of bone, save that there the cells are usually arranged 
in definite systems, often concentric, and that fine branches 
from them penetrate the ground-substance in every direction. 
Connective tissue, on the other hand, which binds up every 
organ in a fine firm sheath of tissue, has a number of scattered 
cells which produce bundles of fibres, interlacing in every 
direction, and giving great tensile strength combined with 
elasticity. If we cnuld conjure away every other tissue of the 
body, we should still see the outlines of every organ, in- 
cluding the course of every vein and artery, every nerve, 
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preserved for us in this pervading scaffolding of connective 

tissue (figs. 10, ii). 

Nerve-cells or neurons, as befits their remarkable func- 
tions, undergo perhaps more change during their develop- 
ment than does any other type of cell. In early stages, 
they are irregularly rounded, like most other cells at this 
period. After a time, however, a prolongation grows out 
at one end, and one or more similar prolongations at the 
other. These continue to grow, and become the conducting 
nerve-fibres we have already spoken of ; some of them may 
reach relatively enormous lengths, the muscles of the toes, 
for instance, being supplied by fibres which run all the way 
from cell-bodies in the spinal cord — a distance of several 
yards in the largest animals known. A nerve-fibre is thus 
always attached to a nucleated cell-body, and cannot exist 
without it ; if a nerve be cut, all the fibres which are no 
longer- attached to cells die ; whereas those parts of them 
which are still in connexion with the cell-bodies will live 
and regenerate. The nerve-cells in parts of the cerebral 
hemispheres are remarkable for the degree of branching 
shown by their processes ; it is probable that these are 
concerned with memory, and in man with the association 
of ideas (figs. 12, 13, 46). 

In the same sort of way in which a substance is chemically 
composed of molecules, so the higher animals and plants 
are built of cells. They too, of course, are in their turn 
composed of molecules, and those of atoms ; but the cells 
are the smallest definable biological units. 

In a sense, the body is a colony of cells. In a beehive, 
the lives of the individual bees are subordinated to the good 
of the colony ; so too the individual cells are subordinate 
to the good of the body, but the subordination is far more 
thorough, and the ‘ colony * can act as a single whole far 
more efficiently than the hive. 

This it can do in spite of the enormous number of cells 
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which it contains. If human beings were blood-corpuscles, 
the population of London would almost fit into a cubic 



Fig. 13. Diagram to show the main parts of a nerve-cell (a motor 
neuron from the ventral horn of the grey matter in the spinal cord), ah, origin 
of main outgrowth or axon, ax. c, cell-body, d, shorter branched outgrowths 
(dendrites) ; their fine terminal branches are not shown, m, si, sheath-cells 
round axon, separated by nodes {nR) ; at the one marked, the axon has divided. 
sf, another branch of the axon, n, nucleus of the nerve-cell with its nucleolus, 
n'. tel, end-plate formed by the tip of the axon, through which impulses are 
transmitted to the muscle-fibre ; (in reality, the axon will always be much longer 
relatively to the cell-body). 

millimetre of human blood, and the population of the world 
into a dozen drops. 
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A frog, then, is a mass of living substance organized on 
a particular plan, and this plan bears a definite resemblance 
to that of human beings, although it is altogether different 
from the plan on which both crayfish and cockroach, for 
instance, are constructed (figs. 3, 94, 96). It is composed 
of cells ; these joined together into tissues ; these again into 
organs and systems of organs. Each organ is constructed so 
as to work in a particular way, which is normally for the good 
of the whole organism to which it belongs. Some organs, 
like the digestive system and the glands, carry on chemical 
work ; the skeleton is a passive support and protection ; the 
blood-system is the go-between for all the others ; the muscles 
by changing their shape move the whole organism or alter 
the state of the organs ; the receptors are like windows into 
the world of events. But through one window one set of 
events only can be seen, through another window only 
aftothcr set ; the nervous system ensures that the reports 
of different kinds of events shall be co-ordinated, and that 
on the whole the right response shall be made to the right 
event. Thus the nervous system, together with the chemical 
regulation effected by way of the blood-stream, makes it 
possible for the animal to act as a unity, as a single whole, 
and so to deserve the title of organism. 



II 

DEVELOPMENT AND HEREDITY 


FROGS grow old as well as men, and will die of old age 
even if they have not previously met death by some accident. 
If there is to be a race of frogs, there must therefore be a 
continual production of new frogs to take the place of the 
old. Our next inquiry must be into the method adopted to 
ensure this reproduction. 

If we run an individual frog’s history backwards through 
our minds, as a film can be run backwards through a cinema, 
we find that the full-sized or adult frog was preceded by 
a young frog of much smaller size but of the same general 
shape and structure. Before this, however, the frog was so 
different as to merit a different name ; it was a tadpole, 
lived only in the water, fed mainly on vegetable food, had 
only rudimentary legs, and swam with a tail. It did not 
breathe by lungs, but by gills ; these are branched out- 
growths of the body- wall with many capillaries just below 
a very thin skin. They grow on the outer borders of slits 
which lead from the cavity of the mouth to the side of the 
neck, and, since water is continually being sucked in at the 
mouth and then forced out through these gill-slits, they can 
be always taking up dissolved oxygen from the water and 
passing carbon dioxide out into it. In large and medium- 
sized tadpoles, the gills and gill-slits are covered by a flap 
of skin or gill-cover ; but in quite small ones the gills stand 
out free on the side of the neck. As the adult frog grew out 
of a smaller frog, so the large tadpole has grown from a 
smaller tadpole of the same general form and containing the 
same systems of organs, except that it is altogether without 
limbs. The small tadpole, in its turn, hatched out of a 
glutinous covering, which with several hundred others 
formed a mass of frog-spawn. 




Fig. 14. Thb early development of a tailed Amphibian (Urodele). 
A, egg during the division into two cells. B, 4-cell stage. C, beginning of 16-cell 
stage. £), E, later segmentation. F, blastula. G, neural folds have appeared 
(dorsal view, head to r.). H, neural folds closing. /, neural folds closed to form 
neural tube (oblique dorsal view, head to r.). Jy from the r. side. Head and 
tail sharply marked off from yolk-mass. The gill-slits are seen in the neck region, 
the muscle-segments on the fore-part of the trunk. K, later stage, from the r. 
side and upside-down. The tail has grown, and has developed ventral and dorsal 
fins, F ore and hind limb-buds visible, yolk-mass relatively smaller ; three tufted 
gills in the neck region. L, a similar stage, from below. In front of the gills 
in the middle line is the mouth, with the eye-rudiments just in front of it. 
(Smallwood, Matty the Animaly 1922.) 
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If we had gone farther back and examined the developing 
frog inside the jelly a few days before hatching, we should 
have seen that it still had the general form of a tadpole ; but 
its gills were mere knobs, its tail not fully formed. Before 
that again there was a time when, although the general plan 
of the internal organs was the same, the organs themselves 
were not present as working pieces of machinery, but merely 
blocked out in an undifferentiated state, with their component 
cells not yet specialized as in the adult. The liver at this 
stage, for instance, was represented merely by an unbranched 
tube ; the heart was an S-shaped blood-vessel, as yet without 
muscles or valves ; the chief parts of brain and spinal cord 
could have been seen, but in a much more rudimentary shape 
than in the full-grown frog, and with no nerve-fibres yet 
formed by outgrowth from their cells (figs. 14, 17). 

Still earlier, the developing animal had no particular 
resemblance to a tadpole, and even the main organ-systems 
were barely recognizable. The future brain and spinal cord, 
for example, were represented by a groove along the back ; 
the digestive system was an irregular space within a mass of 
yolk in the interior. Before this, the organism (when passing 
through what is termed the gastrula stage) was quite spheri- 
cal, consisting of an outer sheet of several layers of small 
cells, an inner sheet mainly composed of big yolk-laden cells 
surrounding the cavity which is the first rudiment of the gut, 
and a middle sheet between the other two (figs. 14, 15, 16). 

A day or so earlier, in the blastida stage, there was but one 
sheet of cells, and no digestive rudiment. Earlier still, there 
were only a few large cells ; and at the last, we can trace 
our frog back to a single very large cell, black above and 
white below, loaded with reserve food in the shape of 
yolk, and containing but a single nucleus. This is the 
fertilized egg (figs. 14, 16). 

‘ What is the origin of the fertilized egg ? ’ is the next 
obvious question. But before attempting to answer this, 
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we must go in somewhat more detail into the actual progress 
of development. 

This can be divided into a number of periods. The egg 
contains plenty of yolk, in order to provide food for the 
young frog before it can feed for itself. It is consequently 
a very large cell, and the first step to be taken is to divide 
it into cells of a more convenient size — the bricks to be 
used in the future building. The egg divides into two, 
these into four, and so on, until the blastula stage is reached. 



Fig. 15. Transverse microscopical section across very young Cat 
Embryo in the germ-layer stage. Above, ectoderm (neural folds not yet 
developed) ; below, endoderm ; between, mesoderm. In the centre the layers 
are still united. A mitolic figure is seen just to the left of the centre. ( x 400). 
(Dahlgren and Kepner, Textbook of the Principles of Animal Histology ^ 1908.) 


This marks the close of the first period, usually called 
the period of segmentation. The second period ends in the 
formation of a rough — a very rough — ground-plan of the 
future organism. A fold of the dark, smaller cells grows over 
the larger yolky cells, and the crack between the inner layer 
of the fold and the yolk afterwards swells out to be the first 
rudiment of the digestive system. If you hold one end of a 
sheet of paper in place and bring the other end down towards 
the first, you will produce a similar fold ; but the movement 
of the living fold is caused by rapid growth of cells just about 
the folded part. Between the inner and outer layers of the 
fold a third layer of cells is split off. Now the first ground- 
plan is ready — there are three distinct layers of cells in exis- 
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tence. The outer layer will later give rise to the epidermis of 
the skin, the sense-organs, and the nervous system ; the inner 
layer to the gut and all its appendages such as liver, pancreas, 
thyroid, lungs, and gill-slits ; and the middle layer to the 
muscles, the skeleton, the connective tissue, the blood- 
system, the kidneys, and the reproductive organs. These 
three primary layers are called germ-layers, so that this is 
the period of germ-layer formation. Segmentation and germ- 
layer formation are a good deal simpler in forms with less 
yolk in their eggs. Fig. 16 illustrates the simpler course of 
development in Amphioxus (p. 47). 

In the third period a great advance is made — the main 
systems of organs are blocked out. The embryo lengthens : 
a groove forms on the back, deepens, and its sides arch over 
and meet to produce a tube ; this tube is the rudiment of 
the whole central nervous system, and of most of the nerves. 
Tiny pits appear on the side of the head, representing the 
future nose and ear ; and from near the front of the nerve- 
tube, two hollow outgrowths arise which will form the main 
part of the eyes. Below the nerve-tube, a long straight rod 
is nipped off from the top of the gut. This is the notochord, 
the early and less complicated precursor of the true back- 
bone. On each side of the notochord, the middle layer of 
cells grows rapidly, and cuts itself up into a series of blocks 
of tissue, the muscle-segments ; from these the voluntary 
muscles will be formed. Below them, a split appears in the 
middle layer — the rudiment of the body-cavity. From its 
walls a series of funnel-shaped tubes grow out, and their 
ends unite and form a duct which grows back to open at 
the hind-end — the rudiments of kidneys and of ureters. 

The mouth and anus are pierced ; outgrowths of the gut 
produce the pancreas- and liver-rudiments ; other outgrowths 
reach the exterior and will form the gill-slits. Scattered 
cells of the middle layer unite to form tubes, and these tubes 
join up to give the blood-vessels. The main characteristic of 




Fig. i6. The early development of Amphioxus. A, fertilized egg, 
unsegmented. B, 2-cell stage. C, 4-cell stage. D, 8-cell stage. E, 
16-cell stage. F, early blastula (32 cells). ^ G, late blastula. H, flattening 
of vegetative side of blastula. invagination to gastrula. iC, partial 
gastrulation. L, late gastrula. M, beginning of formation of neural tube. 
tick, primitive gut. be, blastocoel. bp, blastopore, ec, ectoderm, e/i, 
endoderm. mac, larger vegetative cells. mic, smaller animal cells. 
nPt neural plate beginning to form neural tube, pb^ polar bodies. 
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the period has been the formation, in a very short time (not 
more than 48 hours at ordinary temperatures), of a great 
deal of visible structure where very little was to be seen before. 
We may call this the period of primary differentiation of 
organs (see also fig. 28 a). 

At the end of this period, the laying out of the detailed 
ground-plan, some little time before hatching, the chief 
organ-systems and organs are thus all present, but they are 
not yet in working order — their cells are still all of the same 
general type, not specialized for their various duties. The 
next, or fourth period, therefore, is primarily chiefly that of 
the differentiation of the tissues. The gut-rudiment, growing 
capable of digesting, becomes a gut ; the muscle-rudiments 
become muscles ; the nerve-tube becomes a brain, spinal 
cord, and nerves ; and so on with the rest of the organs of the 
body. This change is accomplished by the time of hatch- 
ing for some organs, a little later for others. It takes place 
through transformation of the shape and structure of cells. 

In the next period the animal works, and becomes self- 
supporting ; feeding and consequent growth are its chief 
characteristics ; but towards its close, preparation is made 
for the adult stage by the appearance of limbs and of lungs — 
again first as mere rudiments, later as organs capable of work- 
ing. This is the larval period, a larva being a stage in an 
animal’s history when it is self-supporting (and therefore no 
longer an embryo) but radically different in structure and 
mode of life from the adult ^ (see figs. 56, 100). 

The sixth stage, or period of metamorphosis, is a violent 
transition from larva to adult, from water to land. If we 
could not actually follow the transformation, it would be 
impossible to guess that a young frog and a tadpole were 
stages in one and the same animal’s life. The limbs grow 
rapidly, the shape of head and trunk and the colour of the 

^ When the animal at a corresponding stage is retained within the egg 
or the mother’s body, it is called an embryo or foetus. See figs. 28 B, 29 




Fig. 17. A longitudinal vertical and a transverse section through 
A LATE EMBRYO OF A Frog. The mouth has not yet perforated ; the liver is 
still a simple tube ; the cells from which the heart will be formed are still 
scattered. Posteriorly the nerve-tube, notochord, and hind-gut are still con- 
nected. The coelom has appeared as a split in the mesoderm, the upper portions 
of which are enlarged to form the somites (future muscle-segments). The 
rudiment of the pituitary is being formed from the roof of the future mouth. 
an.y anus, ec., ectoderm, ent.y gut. f.br.y fore-brain, h.br.y hind-brain. hy,y 
endoderm. /i., liver, mes.y mesoderm, mes.som.y somite, nc.y remains of 
communication between nerve-tube and gut. nch.y notochord, nt.y nerve-tube. 
pit.y ingrowth of ectoderm to form pituitary, smp.y spp.y outer and inner walls 
of coelom, sp.c., spinal-cord portion of nerve-tube, yk., yolk-mass. 

»58a.4 g 
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skin become altered, and there are internal alterations, such 
as a shortening of the intestine in view of the change from 
vegetable to animal diet, the remodelling of the skull, and 
the replacement of much cartilage by bone. But the most 
remarkable changes are those affecting the tail and gills. 
These do not drop off, as is still believed by some un- 
observant people ; they are absorbed. They have been 
built up ; now they are unbuilt. Their tissues lose their 
differentiation, degenerate, and are used as food-material. 
Thus the development of an organ need not always be 
forwards ; it may be reversed. 

After the change, another growth-stage sets in, which we 
may call the juvenile period, when the animal is definitely a 
frog, but not yet grown up. After a time, however, growth 
slows down, and at about the same time sexual maturity 
begins. So the eighth of our periods, the adult period, starts. 
This is the longest of all the periods, and is best developed in 
the highest forms of life. It is in them a condition in which 
neither growth nor breakdown has the upper hand, a period of 
balanced activity, which has been compared to the apparent 
rest of a * sleeping ’ top. Frogs, like mammals and birds, have 
a well-marked adult period in which growth is absent. Many 
lower animals, however, such as most crabs and shell-fish, go 
on growing throughout life, and in them sexual maturity, not 
cessation of growth, is the only criterion of the adult phase. 

Finally, however, the ninth period sets in — old age. The 
metabolism grows feebler, the organs no longer work so 
well, and even if a violent end does not terminate the animahs 
existence, as is almost always the case in nature, its life 
eventually comes to death as an inevitable close. Such a 
death is unavoidable and normal ; we may call it natural 
death — a real wearing-out of the tissues, and a consequent 
collapse of the organism like the collapse of the hundred- 
year-old ‘ one-hoss shay ’ in the poem. 

The development of an animal like the frog, then, consists 
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partly of growth ; partly of differentiation or increase of 
complexity ; thirdly, of metamorphosis from one form to 
another ; fourthly, of the attainment of a relatively stable, 
balanced state, in which growth and differentiation are 
almost absent ; and lastly, of the loss of this stability, the 
wearing-out of the machine — old age, and death. 



Fig. 18. Micro-photograph (x 150) of a section through the ovary of 
A MAMMAL (cat). At A , a medium-sized oocyte (miniature ovum) surrounded 
by a follicle one cell layer thick. At By a larger oocyte ; its follicle has become 
several layers thick, and a cavity containing fluid has been formed in it. In the 
oocytes at A and B the large nucleus can be seen. At C, a very young oocyte. 
Dy the edge of the ovary, bounded by a layer of germinal epithelium. (Photo 
by D. A. Kempson.) 

Now having traced the development of a grown-up frog 
from a single fertilized egg, we can return to our question 
as to the origin of this fertilized egg. If we look at the ovaries 
or reproductive organs of a female frog in early spring, we 
shall find in them, and actually produced by them, a great 
number — one to two thousand — of eggs apparently similar 
to fertilized eggs ; a little later in the season, these will be 
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found loose in the swollen lower part of the oviducts, each 
surrounded with a thin layer of jelly. But if we take these 
eggs and put them in water, they will not develop. For them 
to start development, fertilization is normally necessary ; 
and by fertilization we mean union of the egg with a repro- 



Fio. IQ. Section across the testis of a mammal (rat). Note that it is 
composed of a series of little tubes, rounded in cross-section. Their walls are 
composed of germ-cells (sperm-producing cells). Towards the centre may be 
seen ripe sperm, their tails in the hollow of the tubes, their heads still mostly 
attached to cells in the walls. Between the tubes may be seen small patches of 
interstitial tissue. (Photo by D. A. Kempson.) 


ductive cell of the male. In all animals, the eggs are cells 
detached from these special organs of the body, the ovaries 
(see fig. 1 8). 

The reproductive organs of the male are the testes, small 
whitish bodies consisting mainly of a number of microscopic 
tubes. The cells forming the walls of these tubes divide, 
and some of the fresh cells thus produced change their 
shape in a remarkable way ; the nucleus becomes long and 



Fig. 20. Four stages in the differentiation of spermatozoa, from the 
EART if-woRM. Above, a group of spermatids, produced at the close of the 
maturation divisions. Each has a nucleus and a centrosome. (In the worm, 
the cell-bodies are not at this stage fully cut off from a central mass of proto- 
plasm.) Centre, a similar group showing the first stages in the elongation of 
the spermatids, their outgrowth at one end, and the elongation and condensation 
of their nuclei. Below, left, three nearly mature sperms. The outgrowth has 
become converted into the vibratile ‘ tail * (flagellum). There is still a distinct 
layer of cytoplasm over the nucleus. Below, right, a mature sperm. The tail 
is further elongated, and takes origin in a * middle-piece *, containing the centro- 
some. Then comes the ‘ head ’, consisting of the much-elongated nucleus, 
surrounded with a mere film of cytoplasm, and tipped with^^n organ which 
facilitates the sperm’s entry into the egg. 
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dense, and the rest of the cell becomes transformed into 
a sharp point at one end and a swimming tail at the other. 
They are now ripe, and are called spermatozoa or sperms. 
These are shed into the hollow of the tubes, pass down canals 
into and through the kidney, and down the ureter, to be 
stored in a pouch on its side. A drop of the contents of this 
taken in early April and mixed with water will show thousands 
of sperms in active movement ; a male frog produces billions 
in a season (figs. 19, 20). 

When the female lays her eggs, the male sheds his sperm 
over them. The sperms are attracted by the eggs, and start 
burrowing into them. Once one has succeeded in forcing 
its nucleus inside, a change takes place over the egg’s surface 
which prevents any further spermatozoa from entering. The 
sperm-nucleus then swells up, and becomes very like the 
nucleus of the egg. The two nuclei meet, and actually unite 
to form one. This completes the act of fertilization ; and 
only after this does development begin (figs. 21, 24). 

Sexual reproduction in the frog then consists in this : that 
union of two cells, or at least of the nuclei of two cells, takes 
place, that the cells at the moment of union are detached and 
independent, but previously formed part of the bodies of 
other individuals of the species ; and that the cell formed 
by their union develops into a new individual. 

It has been found possible with the eggs of frogs, worms, 
sea-urchins, and other animals, to make the egg start its 
development by artificial means (by chemical treatmeht in 
sea-urchins ; by heat in starfish ; by pricking the egg with a 
fine needle dipped in blood, in frogs), without any sperm 
bemg present, so producing fatherless animals. Some of these 
have been raised to maturity, and appear perfectly normal. 
Thus fertilization consists really of two separate and separ- 
able processes — activation, or the starting-off of the egg on 
development, and the union of the nuclei of male and female 
reproductive cells. 
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The two cells which thus unite are called gametes or 
‘ marrying cells ’ ; and the product of their union is called 
a zygote — something formed by the ‘ yoking together ’ of 
two gametes. Usually the gametes are, as in the frog, of 



Fig. 21. Human unfertilized egg (oocyte) and sperms, on the same scale. 
The egg is seen surrounded by its membrane {Memb,), and this again by pm- 
tective and nutritive follicle cells (FC). It contains a large nucleus (N), which 
has not yet undergone reduction, and some yolk grains ( F). The nucleus con- 
tains a nucleolus. Below, at B, are two sperms, the lower one in profile. The 
‘ head ’ contains all the nuclear material, condensed. The ovum is about 200At 
(o*2 m*n.) in diameter. 

two markedly different kinds, the female gamete large and 
yolk-laden, the male gamete tiny and active. This difference 
between the two gametes, however, is not universal. In 
many low forms of life, both plant and animal, the two are 
alike ; and in some, as in the single-celled animal Para- 
mecium, only nuclei and not whole cells fuse with each other. 




Fig, 22. Mitosis, as illustrated by the fertilized egg of the round-worm 
Ascaris viegalocephala, from the intestine of the horse, which possesses two pairs 
of chromosomes. (From untouched micro-photographs by D. A. Kempson.) 

(fl) Immature (unfertilized) egg with nucleus in ‘ resting * phase. 

(6) Fertilization has just occurred. The nuclei of egg and sperm are approach- 
ing each other. The chromosomes have begun to appear (spireme stage). 

(c) Side view of the equatorial plate stage of the first division of the fertilized 
egg. The spindle is clearly seen with the centrosomes and asters at its two 
ends. The chromosomes have arranged themselves round its equator. 

(d) End view of the same stage. The four chromosomes are clearly visible. 
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Fig. 22 {continued) 

(e) Side view of a slightly later stage. The chromosomes have now split 
longitudinally. 

(g) ‘ Telophase * stage. The two sets of chromosomes have moved apart to 
the two asters ; the cell is deeply constricted. 

(h) Two-cell stage. The egg has completely divided into two cells ; in either 
cell the chromosomes have joined up to form a ‘ resting ’ nucleus. 

(i) Beginning of second cleavage. Mitosis has begun in both cells ; one is 
so viewed as to show that four chromosomes have again appeared. 

In all figures the egg is lying in a space within a thick, transparent egg- 
membrane or shell. In (c) and (g) the two polar bodies are visible on the surface 
of the egg. The magnification for all except (e) is X750. For (e), x 1000. 
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Thus the essential fact in sexual fusion is the union of the 
two nuclei. The difference between the two gametes is only 
secondary ; the size and yolk-contents of the egg serve to 
give the developing embryo a good start in life after fertiliza- 
tion ; and the shape and activity of the sperm ensure that 
the two gametes shall meet. 

The race of frogs, then, can be thought of as consisting 
of a number of continuous streams of living substance. The 
streams flow for the most part in the form of zygotes, starting 
as fertilized eggs and developing into mature frogs ; but 
for some of the time they subdivide to flow in the form of 
gametes, and then such of these streams as do not die out, 
unite in pairs to become zygotes once more. Or, to put it 
in another way, the species Rana temporaria^ or any other 
kind of higher animal, such as the human species, comprises 
not two but four kinds of individuals — male and female zygotes, 
and male and female gametes. The zygotes are large and 
long-lived, the gametes small, short-lived, but far more 
numerous. 

To understand fully what this implies, we must again 
turn back. We have said that cells divide, but have not 
described the process. As a matter of fact, it is a very 
remarkable one. When a cell is ready to divide, the wall 
of the nucleus breaks down, and its contents change from 
their chiefly fluid state into a number of more solid rod- or 
strap-shaped bodies, which, because they become coloured 
by many dyes, are called chromosomes. Meanwhile, a star- 
shaped figure of radiating fibres is seen in the cell. This 
divides into two, forming a spindle-shaped set of fibres with 
a radiating ‘ star ’ at each end, and the chromosomes arrange 
themselves where the fibres from the two stars meet, in the 
centre of the spindle. The chromosomes next split right 
down their length, and the halves travel away from each 
other, one to. one pole, the other to the other. Finally, the 
body of the cell divides, the set of chromosomes at either 
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pole swells up to form a nucleus again, and there are two 
cells, each with its nucleus, in place of one (figs. 22, 24). 

This process of nuclear division (called mitosis^ on account 
of the thread-like chromosomes, from the Greek /xtVo?, 
thread) ensures that each chromosome is divided exactly 
along its length. As we shall see, the units which determine 
the hereditary characters of an animal probably lie along the 
chromosomes, so that as a result of mitosis a complete set of 
halved units is distributed to both of the two cells arising at 
any division ; and these halved units, since they are alive, 
soon all grow up to their original size again. 

The number of chromosomes is always the same for a 
given race of animals or plants ; not only this, but often 
the individual chromosomes can be distinguished from each 
other by differences of size and shape ; and when this is 
so, they can be arranged in a series of pairs, so that the total 
number is always even.^ In man, for instance, the total is 
48 ; in the fruit-fly, Drosophila melanogaster ^ it is 8 ; in the 
Mexican salamander 28 ; in Ascaris 4 (fig. 22) ; and so on. 

At one of the cell-divisions just before the formation of 
gametes, however, the process is quite different. Instead of 
the chromosomes dividing, the members of a pair come to 
lie side by side ; and at division one whole chromosome 
of a pair is separated from the other. This process is called 
the reduction of the chromosomes, for owing to it, each of 
the two cells produced at this division possess only half the 
ordinary number of chromosomes for the species (fig. 23). 

Accordingly, gametes have half the number of chromo- 
somes found in zygotes ; and the reason the chromo- 
somes of the zygotes exist in pairs is that one member of 
the pair has come from the father and one from the mother. 
Thus, the ordinary higher animal or plant has two complete 
sets of chromosomes, like two packs of cards. This is of 
great importance in the study of heredity, or, in other words, 

‘ With certain exceptions connected with sex. 
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62 Development and Heredity 

of the way in which characteristics are handed on from one 

generation to the next. 

A frog gives rise to new frogs, not to toads or lizards ; 
within a single species, such as man, many characters ‘ run 
in* families ’ — physical characters like black hair, or mental 
characters like musical talent ; and it is a common observa- 
tion that children inherit traits from their parents and from 
remoter ancestors. The facts of heredity are often obvious 
enough. But what is the machinery by which they are 
brought about ? How is it that the tiny, simple-looking egg 
has the power of developing into the complicated adult, and 
an adult just of one particular kind ? How is it possible that 
of two eggs, which would be practically indistinguishable 
under the microscope, one is predestined to produce a red- 
haired tall boy, the other a dark-haired medium-sized girl ? 

There is a great deal of evidence to support the idea that 
inheritance — the transmission of qualities or characters from 
one generation to the next — depends upon the actual trans- 
mission of small units of living substance in the gametes. 
These units are called the factors of heredity, or sometimes 
still more shortly the genes ; and there is further evidence 
that these factors are contained in the chromosomes. 

Certain results flow from this— results, for instance, con- 
cerning the numerical proportions of different types to be 
expected on crossing different strains ; and, indeed, all the 
subject-matter of the comparatively new science called 
Mendelism, after the Austrian Abbot Mendel, who first 
discovered and interpreted the essential facts. Here we are 
concerned only with some of the more general aspects of 
the question. 

A sexually reproducing animal or plant grows up from 
a fertilized egg into its adult condition. The fact that it 
grows up in its own particular way, that a newt's egg will 
produce a newt and a frog's egg a frog, although they are 
scarcely distinguishable and although they grow up in the 
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same pond, must depend on the eggs containing something 
— let us call it the hereditary constitution — which determines 
the way it shall grow up. 

Mendel discovered two important laws concerning the 
way in which the hereditary constitution of an animal (or 



Fig. 24. Diagram of fertilization, continuing Fig. 23. A, the sperm 
has penetrated the ovum. B, the sperm nucleus is swelling up, the chromosomes 
are appearing in both nuclei (purely diagrammatic) of the haploid number (m = 3) 
in either. The beginning of the spindle is being produced by the sperm. 
C, fusion of nuclei of sperm and ovum. Z), the spindle is fully formed, and all 
six (zn) chromosomes are arranged on its equator. E, all the chromosomes 
have split longitudinally.^ F, the fertilized egg (zygote) has divided into two 
cells, each with the diploid (zn) number of chromosomes, one set of three (n) 
derived from the father in the sperm, the other three from the mother in the egg. 


plant) is related to that of its parents. The first is usually 
called the law of segregation. This implies that the heredi- 
tary constitution is composed of a number of self-reproducing 
units, presumably of a chemical nature, the factors or genes 
mentioned above. Normally there are two of each kind of unit 
in the body ; but before gamete-formation, the two members 
of such a pair segregate, or separate from each other, so that 
each gamete has one member only of each kind of unit. The 
second law is that of independent recombination of units. 



64 Development and Heredity 

It sums up the fact, elicited by breeding>tests, that the 
segregation of members of different kinds of units is usually 
quite independent. 

It is easy to see that this is exactly what would be expected 
if the units were contained within the chromosomes ; and, 
as a matter of fact, this has now been proved to be the case. 
The adult organism, whether human being, fly, rabbit, or 
pea-plant, has two complete sets of chromosomes. The two 
members of a pair separate from each other at reduction, so 
that each gamete receives one complete set ; recent observa- 
tions have further shown that the way in which one chromo- 
some-pair separates at reduction is quite independent of 
other pairs. Thus, the single set of chromosomes in one 
gamete need not all have come in from the father, or all from 
the mother ; there must merely be one of each kind of 
chromosome present. If we compare the chromosomes to 
cards, fertilization is like the mixing-up of two packs of 
cards with different coloured backs. Reduction ensures that 
this double pack shall be sorted out into two single packs 
again, but pays no attention to the colours of the cards’ 
backs. Each sorted-out pack will be complete in having 
one card of each kind, but any of the cards may have either 
a red or a blue back. Thus it will be most unlikely that, as 
regards the precise combination of red and blue backs, any 
of the sorted-out packs will be identical with any other, 
since the number of possible combinations is so enormous. 

Each chromosome appears to contain a large number of 
units, and the segregation of two units will only be quite 
independent when they lie in different chromosomes. When 
they are both in the same chromosome they tend to stick 
together more often than they separate.^ 

^ This tendency to remain together is called linkage of factors. It 
is usually not complete — i.e. two factors in the same chromosome can 
be separated from each other (by a mechanism into which we need not 
enter here), although they are not so independent as two factors in 
separate kinds of chromosomes. 
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The units are the really important things in the hereditary 
constitution, and the chromosomes appear to be merely con- 
venient lengths, so to speak, into which the hereditary con- 
stitution is cut up. Accordingly, the cards in our simile 
should really be taken to represent the separate units, and not 
the compound units we call chromosomes, which would really 
be more like suits. If we do this, however, we must add one 
more point to make our analogy complete. We must suppose 
that any particular card need not always have precisely the same 
value, but that you could have one ten of hearts, say, that was 
a little above par, and another a little below par. In terms of 
factors, this would mean that although a given kind of factor 
always exerted the same general kind of effect in development, 
yet it might exist under different forms, with slight differences 
in effect. For instance, we know that one factor concerned with 
colour-production in rabbits may exist in at least four forms, 
one producing no pigment at all, as in albinos ; the next 
allowing colour to appear in the ears and muzzle and other 
extremities, as in the Himalayan breed ; the next giving the 
Chinchilla coat ; and the last allowing full development of pig- 
ment. The different forms of one factor are called 

So far we have dealt with the generalities of Mendelian 
theory. They will become much clearer if we look at a 
couple of examples. If a certain breed of black fowl is 
crossed with another strain which is white with a few black 
markings, the offspring will all be unlike either parent, of 
a type known as the Blue Andalusian, which is a bluish or 
diluted black colour, with white ‘ lacing ’ on the feathers 
Poultry-fanciers have long tried to get a pure breed of these 
Andalusians by mating them with each other, but always 
without success — the birds ‘ threw ’ blacks and whites as well 
as producing more blues. 

When the subject came to be accurately worked out it 

‘ Only certain definite breeds of blacks and whites give this result, 
not any black crossed with any white. 

*583.4 
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was found that when Andalusians are mated with each other, 
on an average 25 per cent, of their olfspring are blacks, 
25 per cent, whites, and 50 per cent. Andalusian again. Not 


Fig. 25 A. To illustrate the results of crossing two PURE-SilED STRAINS 
OF FOWLS, SPLASHED-WHITB AND BLACK. Pj, the parents. F\, the first hybrid 
generation, all individuals of which are alike, of a bluish-black shade. the 
second hybrid generation, derived by mating Pi individuals together. Segrega- 
tion is here shown, there being on the average one- quarter splashed- white like 
the splashed-white parent, one-quarter black like the black parent, and one-half 
blue like the Pi.^ 

only this, but the blacks bred true when crossed with each 
other, and so did the whites, but the Andalusians always 
gave the same proportions of blacks, whites, and Andalusians 
once more (fig. 25 a). 

^ Pj, Pgj stand for first, second, filial generations, &c. stands 
for the parental generation ; P2 for the grand -parental, &c. 
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These results are at once cleared up if we suppose that 
the black fowls carry factors which make their chickens grow 
up black, the white fowls factors which make theirs grow 
up white. 



Fig. 25 B. Diagram to show how the Mendelian conception of heredi- 
tary UNITS (factors, genes) explains the foregoing results. The organisms 
are represented as large circles, the genes as small circles within them. In the 
gametes, only the genes are represented. Unshaded represents splashed-white ; 
black represents the gene for black, and close dotting visible black ; sparse 
dotting represents visible blue. 

When a black cock is crossed with a white hen all his 
gametes (the sperms) contain one factor for black, all hers 
(the unfertilized eggs) one factor for white. The offspring will 
have one of either factor ; and their interaction will bring 
about the so-called blue colour. Exactly the same result 
will happen if a white cock is crossed with a black hen. 

When a blue cock and hen are bred together the 
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gametes, whether male or female, will contain either a factor 
for black, or a factor for white, but not both. Let us call 
the factor for black jB, and that for white b. A JS-bearing 
female gamete may be fertilized equally well by a JB-bearing 
or a i-bearing gamete ; and similarly for a i-bearing female 
gamete. Thus, four possible combinations of gametes (as 
regards B and b) may occur at fertilization, and, on the theory 
of chances, will occur on the average equally often : 

(1) J 5 -bearing by 5 -bearing. (3) i-bearing by 5 -bcaring. 

(2) B-bearing by 6-bearing. (4) 6-bearing by 6-bearing. 

(1) will give a chick with two black factors, therefore black ; 

(2) and (3) will give Andalusian chicks once more ; (4) will 
give white chicks. Not only this, but out of every hundred 
chicks on the average one-quarter will be black, one-half 
Andalusian, and the last quarter white. This is made clearer 
by the diagram (fig. 25 b). 

According to Mendehs second law, factors for different 
characters are inherited independently of each other. For 
instance, to take fowls once more, the ordinary type of comb, 
called single, depends on one form of a particular factor ; that 
called rose, which is low and long, upon another. When a 
cross is made between birds with these two sorts of comb, the 
hybrid is indistinguishable in appearance from the pure ‘ rose * 
stock. This introduces us to the fact that one form of a factor 
may mask another, and be what is called dominant to it. But 
the factor for single-comb is still present in the hybrids, as is 
shown by breeding- tests. For whereas the original pure-bred 
rose-comb stock gives nothing but rose-combs, the hybrids 
crossed with each other give 25 per cent, pure-breeding singles, 
25 per cent, pure-breeding rose-combs, and 50 per cent, hybrid 
rose-comb birds that again do not breed true. That is to say, 
the difference between single- and rose-comb depends upon 
a difference between two forms of the same hereditary factor. 

Now, if we cross a black bird with a single-comb and 
a white bird with a rose-comb all the offspring will clearly 
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be blue Andalusian in colour, with rose-combs. But we 
might expect either of two things to happen in the second 
generation. Either the factors for black and single will stick 
together when the first generation forms its gametes ; and 
then the only pure-breeding types we shall get will be black 
single-combs and white rose-combs again, like the grand- 
parents. Or else the factors can separate ; if so, then we 
shall get gametes containing the factor for white with that 
for single-comb, and those containing factors for black and for 
rose-comb, as well as the other two types. In this case, in 
addition to types which will not breed true, we should get four 
pure-breeding types in the second generation — not only blacks 
with single-combs and whites with rose-combs like the grand- 
parents, but also two new types, blacks with rose-combs and 
whites with single-combs. And this is what actually happens. 
This again is most simply shown in a diagram. Let us call s 
the factor for single-comb, S the other form of the factor, 
responsible for rose-comb. Then the results are as follows : 


parents BB.ss 

(black, single) 

parents’ gametes B. s 

I St generation 


I St generations’ gametes d 
('B,S 
J B.s 
']b.S 


X bb, SS 

(white, rose) 

X b.s 

I 

'. Ss (Andalusian rose, but not 
breeding true). 

^ ^ 

d 

B.s 

B.s Lin equal pro- 
b. S f portions. 
b.s J 


Each type of gamete has an equal chance of fertilizing any 
other type of gamete, so that we shall get in the second 
generation the following pure-breeding types : 

BB.SS (black, rose-comb) ; 

BB.ss (black, single-comb) ; 
bb.SS (white, rose-comb) ; 
bb.ss (white, single-comb) ; 
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as well as many other types such as Bb.Ss^ Bb,SSy or BB,Ss, 

which will not breed true. 

The fact of the independent segregation of different pairs 
of factors is of the greatest practical as well as theoretical 
importance, for it enables us to take to pieces the hereditary 
constitution, so to speak, and put it together again in new 
ways. More definitely, it enables us to take one particular 
Mendelian character which happens to be desirable in an 
otherwise undesirable strain or breed, and to combine it 
with other desirable characters in another breed. This has 
already been done with great success in wheat in the 
experimental plant-breeding station at Cambridge. 

A great deal of Mendelian work has been done with the 
tiny fruit-fly Drosophila, of which over ten million have been 
bred by Morgan in America in pedigreed cultures. An 
example of independent assortment in Drosophila is given 
in fig. 26. 

Not all factor-differences produce such big or such clear- 
cut differences in appearance as we have been considering. 
Sometimes the effects are very small, or the effect of one 
factor interacts with that of another, and the analysis becomes 
correspondingly more difficult. But the principles discovered 
by Mendel remain the same — the hereditary constitution 
consists of separate units, and these segregate at reduction. 
This discovery is on the biological plane somewhat compar- 
able to the discovery of the atomic structure of matter. 

One point concerning human heredity deserves mention. 
People are often puzzled at the great diversity of physique 
and temperament and ability between members of the same 
family, although born of the same parents and brought up 
in the same home. This, however, was only difficult to 
understand before we had Mendel’s principles to guide us. 
For such diversity is exactly what is to be prophesied if there 
is independent segregation of self-perpetuating factors. It 
is extremely unlikely that two human gametes, even from the 




Fig. 26. To illustrate Mendel’s second law, by means of a cross 


BETWEEN TWO STRAINS OF THE YmiT-YhY Dr osophUa melanogaster, one pure 
for the recessive gene v, determining vestigial wings, the other pure for another 
recessive gene, e, determining ebony body-colour. The corresponding genes 
for the dominant wild-type characters are styled V and E respectively. The 
two genes are lodged in different chromosomes. The chromosomes, together 
with their contained genes, are represented diagrammatically. The contain 
both V and E, and therefore show a reversion to wild-type. In the formation 
of the gametes of Fi, segregation of V-v and E-e take place independently. 
Thus four kinds of gametes are produced, VEy Ve, vE, and ve. These, uniting 
at random, give, out of every 16 individuals in F2, 9 wild- type, 3 long-winged 
ebony, 3 vestigial grey, and i vestigial ehony : one of each type will breed true. 
The vestigial ebony is a new combination. Either character taken separately 
shows 33:1 ratio. 
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same parents, will receive an identical outfit of factors at 
reduction ; and even if the mother were to achieve the 
improbable result of producing two identically constituted 
ova, and the father two sperms whose constitutions were 
alike, there would again be enormous odds (many million 
to one) against the two similar sperms, among their huge 
crowd of competitors, happening to fertilize the two similar 
eggs. On the other hand, if a fertilized ovum were to divide 
into two, and each part developed into a whole organism (see 
p. 172), we should expect both to be very similar, since both 
would possess the same hereditary chromosome outfit. This 
apparently is what happens in the production of so-called 
‘ identical ’ twins, which as we know are often so alike as to 
be indistinguishable (fig. 27). 

Another difficulty often raised is the fact that genius 
usually is not inherited. Again, however, this is to be 
expected on Mendelian principles. If, as is probable, genius 
is the result of a very unusual hereditary combination of 
factors, then at the formation of gametes this combination will 
be inevitably taken to pieces again. It should not be for- 
gotten, however, that when we take the averages of large 
numbers these irregularities become smoothed out,' and we 
find a strong average resemblance, due to heredity, between 
parent and offspring, or between brothers and sisters. The 
science of biometry deals with studies of this sort, and is very 
important when we are dealing with heredity in human beings, 
as in them, of course, experimental breeding is impossible, 
and the collection and handling of statistics is often the best 
method available. 

It appears, then, that the hereditary factors not only are 
contained in the chromosomes, but that each one is always 
situated in a particular chromosome, and in a particular 
spot in that chromosome. Thus, each chromosome is different 
from every other, and each contains a great number of these 
factors arranged along it in a definite order, each factor 
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always keeping between the same two neighbour-factors. 
Further, it appears that by far the greater part of the factors 
that determine inheritance from one generation to the next 
are situated in this way in the chromosomes. Thus, the 
chromosomes are, or at least contain, the hereditary con- 
stitution of the animal or plant, and all the chromosomes 
taken together, from this point of view, constitute one great 
unit, composed of a very large number of smaller units — 



Fig. 27. A pair of identical twins (from Battle Creek, Mich., U.S.A.), 
who, although they were separated at three years of age and have since then 
always lived apart, have still retained an extremely close resemblance to each 
other, owing to their identical hereditary constitutions. 

the factors — which are arranged within the large unit in 
definite positions, and in definite proportions. 

The whole is like a gigantic single organic chemical com- 
pound, since the molecules of such a chemical compound 
are all made up of smaller parts — the side-chains and radicals 
and single atoms. Here, however, each of the constituent 
units is alive, and must have the power of self-reproduction ; 
thus, the linking of the units together in a definite way 
ensures the constancy of the whole. If there had been an 
excess multiplication of one of the factors during the resting 
period of a cell, even so, when the cell came to divide and the 
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chromosomes to form, only the same relative amount of the 
factor could become linked up with the other factors of its 
chromosome. So the chromosomes are not only a self- 
multiplying but also a self-regulating piece of machinery. 

In ordinary inheritance, then, we have the handing down 
from parent to offspring of chromosome outfits, or, in other 
words, of sets of hereditary factors ; and it is on these that 
the constancy of a species depends. They decide that a 
fowl’s egg shall become a fowl, and a duck s egg a duck, 
even though they are hatched in the same incubator. They, 
reacting with the environment, determine what the adult 
organism shall be. 

Apparently, however, slight changes sometimes occur in 
the factors, usually in a single one at one time : these changes 
are called mutations. Whereas an animal may normally have 
red eyes or a grey body-colour, mutations may arise which 
cause it, even though brought up in the same conditions, 
to have pink eyes or a black body-colour. (These particular 
mutations have actually been found in the little fly Drosophila .) 
When mutations occur, they are inherited in Mendelian 
fashion ; the separation of pairs of chromosomes at reduction, 
and the subsequent meeting of various sets at random in 
fertilization, shuffles and recombines in every possible way 
any mutations that do occur. 

Thus, while the chromosomes in general act as a regulator 
of the constancy of the race, the occurrence of mutations 
and their subsequent combination in new ways by sexual 
reproduction provide the possibility of change. The idea 
of separate factors is important, for it means that when we 
are dealing with an animal’s hereditary constitution we have 
not got to take it as an undivided whole, but as something 
which can be analysed unto separate units, just as a chemical 
substance can be analysed into different elements in definite 
proportions and arrangement. 

With this in mind we can turn to another question. We 
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have discovered in outline how individuals are connected 
with and related to other individuals of the same species ; 
now we must ask whether whole species are not perhaps 
connected with or related to other whole species. 

As Charles Darwin first clearly pointed out, there is 
always a struggle for existence going on in nature. From 
each pair of frogs that breeds, over a thousand fertilized 
eggs are produced every season ; and yet the number of 
frogs does not increase from year to year. There is, in fact, 
in every organism an over-production of young, and con- 
sequently competition. Since this takes place in all species, 
there is what we may metaphorically call a pressure of life ; 
the demands upon space and subsistence are greater than 
the supply, and in every generation only a few of the young 
produced can reach maturity. 

There is further the fact of the hereditary transmission of 
characters, and the origin of new characters by mutation 
and recombination. In other words, organisms are continu- 
ally varying, and some at least of the new variations can be 
inherited. 

As an inevitable consequence, if a new inheritable variation 
appears which is of any advantage whatever in the struggle 
it will help its possessor to survive, and so will on the average 
be transmitted to later generations more often than other 
variations which are useless or in any way harmful. The new 
variation may be directly useful in competition with the 
other members of the species, as for instance if it made its 
possessor more easily able to secure its prey ; or it may 
remove its possessor from competition with the others of the 
same species by fitting it to another set of conditions. In any 
case, the struggle or pressure of life on the one hand, and on 
the other the fact that variation does occur and can be trans- 
mitted, will lead to what Darwin called Natural Selection — 
the survival of types possessing useful variations, in prefer- 
ence to any other types. 



Fig. 28, A and b. Embryo chicks of about 36 hours’ and 4 days’ 
incubation respectively. Both x 8. A has been stained and is photo- 
graphed by transmitted light. In it about sixteen muscle-segments have 
been formed, the three main divisions of the brain are visible, with the 
eye-vesicles growing out from the fore-brain. The heart can be seen, 
together with a network of small blood-vessels over the yolk in the outer 
region of the blastoderm. B has not been stained and is photographed 
as an opaque object by reflected light. The amnion has been removed 
(small traces of it are left in the head-region). The embryo rests on its 
left side, and the head has bent over. The limb-buds, gill-slits, and 
allantois can be seen. The blastoderm in one place has rolled over, 
showing the way the blood-vessels run on its lower surface, next to the 
yolk. (Photos by D. A. Kempson.) 




Gill slib 
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This will explain the fact that animals are adapted to their 
surroundings, since the unadapted or less well adapted could 
not survive ; it will also explain the fact that when we find 
a number of species of animals all possessing the same 
general plan of structure, the different species are generally 
adapted to live in different conditions, since any variation 
enabling its possessor to live in new conditions will remove 
it from competition with the other members of the species. 
For instance, the general plan of all frogs and toads is very 
similar ; but some live near water, others in drier places, 
some altogether in water, others on trees, and so on. 

The only explanation, in fact, of the resemblance in 
structure between different frogs and toads is that they are 
all in very truth related, descended through millions of 
generations from a common original ancestor ; and the 
explanation of their differences is that they are due to 
variation and natural selection, the random raw material of 
the former being sifted by the latter. 

The backbone of the evolution theory is that all species 
have descended from other pre-existing species, and the 
backbone of the generally current explanation of evolution is 
that adaptation is due to variation (mutation) acted upon by 
natural selection. 

Now frogs and toads resemble newts and salamanders 
in many points of their organization ; for instance, in their 
moist, scaleless skin, in the structure of their heart, and in 
their development through a tadpole stage ; and accordingly, 
they are all classed together as Amphibians. Snakes, lizards, 
tortoises, and crocodiles, on the other hand, have scales, 
their heart is a trifle more complicated, and they all develop 
inside a large-yolked egg with special protecting membranes 
round them ; and they are accordingly all classed as Reptiles. 

When we classify a number of animals together in this 
way, we are not merely pigeon-holing them for convenience ; 
we pigeon-hole them in this one particular fashion because 
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we believe them all to be descended from a common 
original ancestor. The classification aimed at by Zoology 
is a Natural Classification, aiming at a grouping of animals 
according to their blood-relationships. Thus, we believe that 
all frogs, toads, newts, and salamanders are descended from 
a common ancestral form with an Amphibian organization ; 
and all snakes, lizards, and other reptiles from a common 
ancestor with a Reptilian organization. 

But the organization of Amphibia has many points in 
common with Reptiles, as also with Fish, and with Birds 
and with Mammals, including, as we previously pointed out, 
man himself. All of these animals possess gill-slits and a 
notochord at some stage of their development, a backbone, 
red blood, a nervous system lying along the back, and so 
forth ; they are therefore all classed as Vertebrates (or 
Chor dates, with reference to the notochord), and there is 
no escape from the conclusion that, in the course of an 
exceedingly long space of time, to be reckoned in tens or 
perhaps hundreds of millions of years, they have all descended 
from an original common ancestor. 

Belief in the occurrence of evolution, quite apart from any 
theory of how it has happened, is forced upon us by numerous 
sets of facts, which remain quite unexplained on any other 
supposition. In the first place, as already mentioned, there 
is the fact that animals can be arranged in groups (such as 
the Vertebrate group), each group with a single general plan 
of organization ; and that within each group there are sub- 
groups with their own special modification of the general 
plan (e.g. the Birds or the Amphibians within the Verte- 
brates). 

Secondly, we have the fact that animals during develop- 
ment often pass through stages in which they resemble 
other and usually simpler animals of the same group.^ The 

^ This is called the Law of Recapitulation. It is often stated in the 
form given to it by Haeckel, that every animal in the course of its indl- 
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82 Development and Heredity 

frog in the tadpole stage has gills, and even the embryos 
of fowls and men possess gill-slits. Both frog and man, 
although tailless when adult, possess tails when young 
(fig. 29). All this is very difficult, if not impossible, to explain 
unless we suppose that our remote ancestors, and those of 
birds and frogs as well, lived in water and possessed gill-slits 
and gills (see figs. 17, 28). 

Thirdly, we have the existence of vestiges. Vestigial, or 
as they are often incorrectly called, rudimentary organs, 
are organs which are of little or no use to their possessor, 
although in related forms they are larger and obviously have 
a function. In man, for example, the appendix, the hairs on 
the body, the fold of skin at the inner corner of the eye, and 
the skeleton of the tail are wholly or partly vestigial. They 
exist to-day chiefly because our ancestors possessed them in 
more developed form. The fold of skin in the inner corner 
of our eyes, for instance, is the remains of the large movable 
third eyelid of many lower animals. In whales the whole 
hind-limb has become vestigial (fig. 115). If you look at the 
hairs on the outer side of your arms, you will find that on the 
upper arm they point obliquely downwards, on the fore-arm 
obliquely upwards — all of them, in fact, towards the elbow. 
That is no good to you. But it appears that some of the 

vidual development tends to recapitulate the history of the race. But the 
discoverer of the law — von Baer — only stated that the early stages of 
related animals resemble each other more than the adults. And careful 
analysis shows that the ancestral stages do not represent the adult stages 
of bygone ancestors, but stages in their development. A man passes 
through a stage with gill-slits because the embryo of some remote 
ancestor of man had gill-slits, not directly because the adult ancestor had 
them. In some cases the characters recapitulated are obviously those of 
a larva and could not have been those of an adult — those, for instance, of 
the three-segmented nauplius of Crustacea (fig. i). Usually, however, 
the embryonic ancestral characters are similar to the adult ancestral 
characters, as with the recapitulation of gill-slits or notochord, because 
the ancestral form possessed the character in question from the earliest 
stages of its development onwards, as in a fish to-day gill-slits appear in 
the ^tage of primary differentiation and persist throughout life. 




Fig. 30. Homology and convergence. In members of the three classes 
Reptiles, Mammals, and Birds, efficient flying-organs have independently 
evolved (convergence) . The fore-limb is always utilized as the main part of 
the wing, and its general plan is retained throughout (homology). But the details 
are different in each case. The main support (apart from the upper and lower 
arm-bones) is, in the Pterodactyl, the 5th or * little * finger ; in the Bat, the 2nd 
to 5th fingers ; in the Bird, the quills of the feathers. Accordingly, only in the 
Bird is the hind-limb not required as part of the support of the wing, and is left 
free for other functions. 


n 
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apes have the habit of keeping their bodies dry in the rain 
by clasping their hands in front of their neck. The rain 
runs down the hairs towards the elbows ; these are a little 
out from the sides, and the long hairs stick out from them to 
form a kind of spout, from whose end the rain pours off 
right away from the body. 

Fourthly, we have the fact that in species of the same group 
which are adapted to different methods of life, the same plan 
recurs in organs adapted to the most different uses. For 
instance, in the skeleton of the fore-limb in all land animals, 
although bones may fuse together in some, or altogether 
disappear in others, the same general plan recurs throughout. 
This one plan can be seen in the supporting limb of a frog, 
the paddle-like fore-limb of a whale, the running limb of 
a horse, the flying limbs of birds and bats, the arm of man. 
Great difference in detail of adaptation, together with great 
similarity in general plan — it is difficult to account for this 
except by common ancestry and a common plan gradually 
modified in the course of evolution (fig. 30 ; fig. 2). 

Finally, and most conclusively, the fossil remains of 
animals from earlier periods of the earth's history often show 
us actual intermediate stages in evolution. For example, 
the horse has in its forefoot but one finger which it uses, 
together with two tiny vestigial fingers, the splint-bones. If 
we accept the idea of evolution, we must suppose that these 
vestigial fingers were once used ; and as a matter of fact, 
if we look at fossils from a certain period (the Miocene 
period of the Tertiary epoch), we find no true horses, but 
animals which, though very like horses in most ways, possess 
three well-formed toes on the foot (figs. 78, 79). 

Again, to take an illustration on a large scale as well as one 
on a small, if we go back steadily in the history of the earth, 
we come to a time when man did not exist, or at least no 
traces whatever of his existence are to be found preserved in 
the earth's crust. Then, long previously, to one when all the 
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mammals were small and primitive, and all the birds toothed ; 
then, to a time when there were no mammals or birds at 
all, but great reptiles, many of types now unknown, were 
the dominant living things ; before that, to a time without 
reptiles, when amphibia were the only land vertebrates ; 
and before that again, to a world without land vertebrates 
at all, but still with fish in the sea ; and finally, a stage is 
found in which there are no fish, but only marine inverte- 
brates (figs. 76, 104). 

The study of heredity showed us that each individual 
arose from actual portions of living substance which had 
once formed part of other individuals. The study of evolu- 
tion shows that species arise from other species. Within 
a single species there are a number of parallel streams of 
living substance flowing through the generations ; but these 
parallel streams may diverge, and the original species branch 
into two. Since each species has evolved out of another 
species, and each individual grows from a detached part of 
another individual, the whole of life must be looked on as 
a single mass of living substance, flowing on in time, and 
divided in the course of its history into a number of separate 
courses of different size, the main groups, the smaller groups, 
and the species. The alterations in the branches of this mass 
of living substance we call Evolution. 



Ill 


EXCHANGES OF MATTER AND ENERGY 

ALTHOUGH there are many features of animal and human 
life which have not yet been, and perhaps never will be, 
explained in terms of physics and chemistry, still we can 
apply to animals, including man, certain great principles, 
such as the laws of the conservation of mass and energy, 
without restriction. It will be necessary to give a brief proof 
of this statement, for if it were not true we could, for example, 
never be certain that a man was not obtaining energy from 
unknown sources, in which case physics would be of very 
little use to the biologist. 

If we put a man on a very sensitive balance it is impossible 
to obtain his weight quite accurately, because at every swing 
the scale containing the man rises slightly higher. He is 
losing weight, that is to say losing matter, at every moment 
of his life. Obviously some of this matter is water-vapour. 
At the body-temperature the breath is saturated with water- 
vapour which condenses into drops on a cold surface or 
in cold air. Besides this there is a constant slight loss of 
water-vapour from the skin even in the coldest weather, and 
in very hot weather a man may lose over a kilogram of sweat 
an hour. Besides water-vapour we are always losing carbon 
dioxide in our breath, and a very little from our skin. This 
may be easily shown by breathing out through a tube dipped 
into lime water (CaO^Hg). The carbon dioxide of the breath 
combines with this to form a white precipitate of chalk 
(CaCOg). We can measure the production of COg and H^O 
very accurately by putting a man, or better an animal such 
as a dog or mouse, into an air-tight box. Air is passed into 
this box through bottles containing strong sulphuric acid 
(to absorb water-vapour) and caustic soda (to absorb carbon 



Weight 87 

dioxide). On leaving the box it passes through similar 
bottles, and by weighing them we can determine the animal’s 
output of carbon dioxide and of water (fig. 31). Nothing 
else in weighable quantity has been added to the expired 
air, but it has lost oxygen, as may be proved by taking a 
sample and making the oxygen in it combine with hydrogen 
or some other easily oxidizable body. 

The man or animal has therefore gained some oxygen 
from the air and given up carbon dioxide and water to it. 
Besides these, in the course of a day he will eat, drink, and 
excrete, and we can weigh his food, drink, and excretions, 
and thus construct a balance-sheet. The following represents 
a typical day’s balance-sheet for a resting man weighing 
about ten stone. 


Gain, 

Loss. 

Food, I* I kilograms (of which 0'6o 
kilogram is water). 

Drink, 1*5 kilograms of water. 
Oxygen, 0*7 kilogram, or 500 litres. 

Solids (mostly dissolved in urine), 
70 grams. 

Water excreted, 1*3 kilograms. 
Water evaporated, i*i kilograms. 
Carbon dioxide, 0*82 kilogram, or 
425 litres. 

This leaves him with a gain 

of 10 grams for growth, and 


if he is weighed before and after the experiment he will be 
found to have gained 10 grams. It is clear from the above 
balance-sheet that much the most important chemical change 
taking place in the man is the combination of the carbon 
and hydrogen of his food with the 0 7 kilogram of oxygen 
to form 0*3 kilogram of water and 0-82 kilogram of carbon 
dioxide. Now this is exactly the same change which occurs 
if we burn the food, a fact discovered by Lavoisier in the 
eighteenth century. Hence, if we put our man or animal into 
a calorimeter for a day and measure his heat-production, and 
then burn in another calorimeter a quantity of food exactly 
equal to the amount which he has eaten, we can make an 
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energy balance-sheet like the mass balance-sheet produced 
above. Various allowances must be made, of which the most 
important are the following. — Some of the solids excreted 
are not entirely oxidized, so we must burn them in a calori- 
meter and subtract the energy thus obtained from that of 
the food. Again, some energy has been wasted in evaporating 
water (i-i kilograms of water require 630 kilocalories^ for 
their evaporation). We must also allow for the energy of any 
food which is stored up but not oxidized. If the man is in 
a calorimeter all his external work will be converted into 
heat by friction ; for example he may be made to ride a 
fixed bicycle with a brake. We can now construct an energy 
balance-sheet as follows for the resting man considered above : 


Gain. 

Loss. 

From food, 2,400 kilocalories. ‘ 

Less waste from unoxidized excreta, 
150 kilocalories. 

Net total gain, 2,250 kilocalories. 

Heat lost by conduction and con- 
vection, 1,500 kilocalories. 

Latent heat of water evaporated, 
630 kilocalories. 

Heat used in warming food and 
drink to body temperature, 60 
kilocalories. 

Total loss, 2,190 kilocalories. 

This leaves him with 60 kilocalories stored up (probably 
mostly as fat) for future use. It has been found by experi- 


ment that the more accurately all the measurements neces- 
sary are made, in an experiment of this kind, the more nearly 
do the gain and loss of energy balance, so long as the body 
neither gains nor loses matter. That is to say, the law of the 
conservation of energy holds for men and animals. They 
do not obtain energy from any mysterious sources, nor do 
they convert it into any forms which cannot be reconverted 
into heat. The energy arises from the recombination of 
oxygen with carbon and hydrogen, from which it has been 

' The kilocalorie of i ,000 calories is the unit of energy which is most 
useful in human physiology. It is sometimes called the ' Large calorie L 
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separated by plants. The carbohydrates, fats, and proteins 
formed by the plant are largely eaten by animals, which use 
them partly for growth and repair, but mainly as a source of 
energy. A carnivorous animal obtains its energy second- 
or third-hand from the plant, but in the long run all animal 
energy, just like the energy derived from coal, is stored 
sunlight. 

We can now consider the energy values of different foods, 
and the energy requirements of different classes of people. 



Fig. 31. Method of determining the gaseous exchange of a small 
ANIMAL. N, A, B, and D contain pumice soaked in strong sulphuric acid to 
absorb water vapour, x contains a mouse, M and b a mixture of soda and lime 
to absorb carbon dioxide. Air is sucked through by the pump (z) on the right, 
to which is attached a gauge (y). The mouse therefore gets air free from CO2 
and H2O. The Hf 20 breathed out by it is caught in a and B, its CO2 in c, and 
any H2O evaporated from c in D. Hence the increased weight of c and d gives 
the animal’s CO2 output, the increased weight of x, a, d, c, and d together its 
O2 consumption. 


Foods consist of water, salts, carbohydrates, fats, and pro- 
teins, of all of which some account has been given in former 
volumes of this series. Energy can be obtained from the 
oxidation of the latter three. Proteins are not completely 
oxidized by animals, so we have to deduct the energy value 
of the unoxidized remnant from that of the original protein. 
When this deduction has been made we find that the energy 
values are as follows : 

I gram carbohydrate = 4*1 kilocalories 
I gram fat = 9*3 „ 

I gram protein =4*1 ., 

That is to say, fat is more than twice as good a source of 
energy, weight for ’weight, as any other food. It must be 
remembered that while fatty Mods such as butter and lard 
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contain very little water, and bread, which is our greatest 
source of carbohydrate, contains only about lo per cent. ; 
lean meat, though most of its solids are protein, contains 
75 per cent, of water. We obtain most of the energy we need 
from carbohydrates and fats. The proteins, though they 
also supply energy, are mainly required for the growth and 
repair of our bodies. 

The accompanying table shows the energy values per 
pound of a number of foods, and the number of calories 
that could be bought for a shilling in July 1926. 



Kilocalories 

Kilocalories 

Protein 

Food, 

per lb. 

per shilling. 

per cent. 

White Bread 

. 1 ,200 

5,760 

8 

Biscuits . . 

, 1 ,900 

1,750 

10 

Oatmeal 

. 1,810 

5)430 

15 

Sugar 

. 1,815 

6,400 

0 

Milk 

314 

1,260 

3*3 

Butter 

3)490 

2 ,090 

1 

Cheese (Cheddar) 

. 2,080 

2,500 

28 

Lard 

. 4,090 

4,260 

0 

Beef (round, lean) 

. 650 

650 

20 

Beef (rump, fat) . 

1,360 

630 

13 

Bacon 

• 2,370 

1,580 

9 

Herrings (fresh) . 

360 

720 

II 

Potatoes 

. 300 

3,610 

1-8 

Cabbage . 

. 120 

1,450 

i‘4 

Apples 

215 

430 

0*3 


The energy requirements of a man or animal vary, like 
those of a machine, according to the amount of work he is 
doing, but, unlike a machine, an animal, even when resting 
completely, needs a considerable amount of energy, partly 
for internal movements, such as those of the heart, the gut, 
and the muscles concerned in breathing, partly, in the case 
of warm-blooded animals, to maintain the body-temperature. 
Above this minimum, additional energy is required according 
to the amount of work done. An individual muscle, say the 
biceps of the upper arm which bends the elbow, may have 
an efficiency as high as 40 per cent., that is to say it can turn 
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into work nearly half the energy that it derives from food and 
oxygen, but if we consider the body as a whole the efficiency 
is a good deal less, since the heart has to work to supply the 
muscle with its blood, the lungs and gut to supply the blood 
with oxygen and food, and so on, in which process much 
potential energy is converted into heat by internal friction. 
As a matter of fact, we find that the efficiency of the body as 
a whole is never more than about 25 per cent. Even this, 
however, is greater than the efficiency of any heat-engine of 
the same weight. The advantage of mechanical over animal 
power is not that the machine is more efficient, but that its 
fuel is cheaper, and that it does not waste energy while it 
is not working. 

If we take a man’s output of energy per minute when 
lying down as i, it will be about 1*4 when he is standing, 
4 when he is walking at three miles an hour or doing moderate 
work with his arms, 10 during fairly hard work, 15 during 
the most violent exertion of which he is capable for any 
length of time, and over 50 during very violent work, such 
as a hundred-yard sprint. His intake of oxygen and output 
of carbon dioxide vary directly with the amount of energy 
set free, and if he is to keep up his weight he must eat enough 
food per day to supply the energy which he is liberating. 
The following table shows the energy requirements in kilo- 
calories per day of different workers each weighing about 
65 kilograms (10 stone). 


Profession, 

Clerk .... 
Tailor .... 
Cobbler 
Metal-worker . 
House-painter 
Carpenter . « 

Stonemason . , 

Woodcutter . 

Cyclist (racing for i6 hours) 


Energy needed in food, 
. . 2,410 

. . 2,510 

. . 2,940 

3.290 
3.500 
3,550 

, . 4,660 

. . 5,400 

, . 10,240 


The cyclist probably could not eat the required amount 
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of food per day, and so had to*use up his own fat as a source 

of energy. 

The energy output of a resting warm-blooded animal 
(mammal or bird) is proportional to its surface, not to its 
weight or volume. Thus if two dogs are of the same shape, 
but one twice as long, high, and broad as the other, it weighs 
eight times as much, but needs only four times as much food 
per day, as its surface is only four times that of the small 
dog. Thus children need a great deal more food per pound 
of their own weight than do adults for energy-production 
alone, besides their requirements for growth. Similarly if 
we compare a large cart-horse weighing a ton with a ton of 
men (13), a ton of fowls (500), and a ton of mice (55,000), 
their food requirements will be proportional to their total 
surfaces, and the men will need 3*7 times as much energy 
per day when at rest as the horse, the fowls 8 times, and the 
mice 25 times. This law does not hold for ‘ cold-blooded ' 
animals. 

Although in the long run the oxidation of food is our only 
source of energy, yet a muscle or gland can work for a short 
time without any oxidation. The immediate source of 
muscular energy seems to be the breakdown of a compound 
of sugar and phosphoric acid into lactic and phosphoric 
acids. This chemical reaction is used as a source of work, 
but to put its products together again so that they can 
furnish more work, sugar must be oxidized, so a muscle 
cannot work for long without being supplied with oxygen. 
In a sprint of 100 yards the leg-muscles work faster than 
we can supply them with oxygen, and are very short of it 
at the end. So if in running a quarter-mile, a runner 
sprinted during the first 100 yards, his muscles would be 
short of oxygen for the rest of the race, and would work 
inefficiently. It is better to put off the sprint to the end and 
run less rapidly at first, so that the muscles are able to get 
all the oxygen they need. 
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Our energy requirements can be made up in various ways, 
just as a fire may burn coal, wood, or peat. Thus a diet of 
135 grams protein, 80 grams fat, 500 grams carbohydrate 
will furnish 3,350 kilocalories, but within fairly wide limits 
we can replace one food by another yielding the same amount 
of energy. Fifty grams of the protein could be replaced by 
50 of carbohydrate or 21 of fat without reducing the protein 
intake below what is needed for repairs. But we cannot make 
out a dietary on a basis of energy alone. The tissue-proteins 
are always breaking down, and need a certain minimum of 
protein food to build themselves up again ; whilst a growing 
child, a pregnant or nursing woman, or a man recovering 
from illness or building new muscle during training, needs 
more than this. All kinds of protein are not of equal value. 
A vegetarian, if he does not take milk or cheese, must eat 
more protein than a meat-eater to keep in health, as vegetable 
proteins are generally less digestible than those of animals, 
and on digestion yield products which are not in the best 
proportions for building animal tissues. 

We also need various inorganic substances besides water, 
for example, calcium salts for our bones, iron salts for our 
haemoglobin, sodium chloride for our sweat. Finally, our 
diet must contain small quantities of at least four, and 
probably five or six, different organic compounds generally 
called vitamins. We do not know the exact composition of 
these, though we know a good deal about them, for example, 
that one is a base (like quinine or adrenaline), two others 
soluble in oil like a fat or wax, and so on. Vitamin ^ is a 
fat-like and oil-soluble substance found in leaves and many 
natural fats and oils. It is necessary for growth, and a 
shortage of it leads to eye troubles and loss of immunity to 
various diseases. B is easily soluble in water and probably 
a base. It is found in many living tissues, notably yeast 
and the embryos of cereal grains. Its absence leads to a 
failure of growth, and to affections of the nervous system« 
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C is water-soluble and easily destroyed by oxidation. It is 
found especially in fruit and leaves. Its absence leads to 
scurvy. D has properties and a distribution similar to those 
of A. Its absence leads to rickets and bad teeth, but it is 
formed whenever an at present unknown precursor, related 
to cholesterol, and a constituent of most cells, is acted on 
by ultra-violet radiation. So a plentiful exposure of the 
skin to sunlight will make up for a deficiency of it. E is an 
oil-soluble substance found especially in wheat embryo. Its 
absence causes sterility, but not ill-health. This list is pro- 
bably not complete. Some of the vitamins, especially C, 
are liable to be destroyed by over-cooking, others are often 
removed with the bran in milling grain, so that human diets 
are often short of one or another of them. Most plants can 
make some or all of them, and some animals do not require 
them all. 

To sum up, a complete diet must include inorganic sub- 
stances, organic bodies which can be oxidized to yield energy, 
and a number, probably about twenty, of different organic 
compounds which the animal body cannot itself build up. 



IV 

TRANSPORT IN THE BODY 

ENERGY is constantly being liberated in every part of the 
body as the result of chemical changes, so we must study 
the methods by which food and oxygen are distributed, and 
waste products removed. We may begin with the exchange 
of gases, which in our own case we call breathing. In simple 
animals like jellyfish and many worms there are no special 
organs for this purpose. Dissolved oxygen soaks through 
their skins from the water in which they live, and dissolved 
carbon dioxide soaks out. In somewhat more complicated 
creatures like the earth-worm there is a special fluid, the 
blood, one of whose functions is to carry oxygen from the 
skin to the internal organs, and carbon dioxide back. In 
the most advanced water-dwellers we find special tufts of 
thin skin, the gills, into which blood is pumped by a heart 
or hearts, so as to expose it to water with which it may ex- 
change gases. Gills may be naked, as in the young tadpole, 
but usually, as they are very delicate, they are protected by 
lids or pouches, as in fish or lobsters, where they lie behind 
the head on each side. In air-breathing animals there are 
two quite different kinds of breathing organ. In insects and 
spiders, air is carried to every part of the body by tiny branch- 
ing tubes called tracheae, which open by numerous pores, 
mainly on the sides of the abdomen (fig. 32). In air-breath- 
ing vertebrates and molluscs the blood is exposed in the 
lungs to air which is continually renewed by the act of 
breathing. Some animals combine several methods. Thus 
a frog can use its skin' alone for breathing so long as it does 
not need much oxygen, but it normally employs its lungs 
as well. 

The human lungs are elastic organs of a spongy texture, 
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consisting of millions of very small cavities which open into 
stiff tubes called bronchi. These in turn open into the wind- 
pipe in the front of the neck. Since air cannot enter the 
space between the lung and the chest- wall, the lungs expand 



Fig. 32. Final ramifications of tracheae (tracheoles) in a caterpillar. 
/, a small trachea, prevented from collapsing by its spirally-wound chitinous 
thickenings, e, a cell in which connexion is made between a trachea branch of 
smallest size and a number of tracheoles, c. These contain air-channels less 
than i/x in diameter, which run within the bodies of elongated cells, whose 
nuclei are seen in the figure, and require no special strengthening in their walls, 
(From Imms, after Holmgren.) 


when the chest is expanded. This can happen in two different 
ways. In the first place the diaphragm, a sheet of muscle 
separating the chest and belly, and bulging upwards into the 
former, may contract and force the contents of the belly 
downwards and outwards. This pulls the bases of the lungs 
down, and draws air into them. Or the muscles which lie 
between the ribs may contract so as to bring the ribs, which 
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normally slope downwards, into a more horizontal position. 
The breast-bone is thus pushed away from the vertebral 


Fig. 33. A human heart seen from the right, with right auricle and 
RIGHT ventricle OPENED. I , anterior (superior) vena cava ; 2, posterior (inferior) 
vena cava ; 2', hepatic veins ; 3, right auricle ; 3^ is just to the left of the 
aperture of the coronary vein, which returns blood from the substance of the 
heart ; 4, 4, right ventricle ; 4', one of the papillary muscles, attached by 
chordae tendineae to 5, 5', s'", the tricuspid valve between right auricle and right 
ventricle ; 6, window cut out to show cavity of the pulmonary artery, at whose 
base three semilunar valves are seen ; 7, ductus arteriosus, derived from part of 
the embryonic arterial arch system, and connecting pulmonary artery with 8, the 
aorta ; 9, arteries to head, neck, and fore-limbs ; 10, part of left auricle ; 1 1, part 
of left ventricle. (Allen Thomson.) 

column, while at the same time the diameter of the chest 
from side to side is increased, and the lungs expand to fill 
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the extra volume. Muscles acting in the opposite direction 
force the air out again if necessary ; generally the elasticity 
of the lungs is sufficient. Thus the air to which the blood 
in the lungs is exposed is constantly being changed. The 
inspired air contains 21 per cent, of 0^ and only 0*03 per 
cent, of COg, whilst the expired air (after being dried) con- 
tains about 17 per cent, of and 3 per cent, of CO2. To 
understand how this change occurs we must study the cir- 
culation of the blood. 

The blood flows to and from the heart, as we have seen, 
through a closed system of tubes known as arteries, veins, 
and capillaries. It leaves the heart by the arteries, which are 
comparatively thick-walled, and seldom near the surface, 
and returns by the veins, which have thinner walls, and often 
lie just below the skin. It passes from the arteries to the 
veins by the capillaries, which are too small to be seen with 
the naked eye, but are found in almost every tissue. The 
most easily felt arteries in man are those of the wrist and 
temple, the most easily seen veins those on the back of the 
hand and foot. Finally, the heart, which pumps the blood 
round, is a hollow muscle with four chambers, lying between 
the lungs, and about as large as the two fists together. A 
diagram of the course of the circulation in man will be found 
in fig. 34. The blood from all parts of the body except the 
lungs enters the heart from behind, near the right-hand top 
corner, and flows into a chamber called the right auricle. 
This contracts rhythmically (the average rate in a grown 
man at rest is about seventy times a minute) and forces its 
contents into a thicker-walled chamber lying below it, the 
right ventricle. As soon as this is full it contracts in its turn. 
The blood is prevented from returning into the auricle by 
a valve, called the tricuspid. It therefore finds its way out 
through the pulmonary artery, which leads it to the lungs. 
The semilunar valves at the base of the artery prevent it 
from flowing back into the ventricle when this relaxes at the 
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end of its stroke. In the lungs it has to pass through capil- 
laries in the walls of the air-sacs, so that it is only separated 
from the air by a very fine membrane, and can easily lose 
its carbon dioxide and take up oxygen. It returns from the 
lungs by the pulmonary vein, , this time to the left auricle, 
which contracts at the same time as the right auricle, and 
fills the left ventricle. The left ventricle, which is assisted 
by valves not unlike those on the right side of the heart, 
forces the blood into the largest artery, an elastic tube called 
the aorta, from which it is distributed all over the body by 
the other arteries (see fig. 33). 

One way of forcing it round through the narrow capillaries 
would be to have a cistern at the top of the head from which 
it flowed down again, but this arrangement would clearly 
not work when its owner lay down. In reality, a fairly 
steady pressure is kept up by the fact that the walls of the 
aorta and the arteries are always stretched, and continue to 
squeeze the blood along between the strokes of the ventricles. 
The pressure in man is about that of a column of blood 
1-7 metres high, i.e. equal to the head of blood which would 
be obtained from a cistern 1-7 metres above the heart. The 
heart of a grown man at rest delivers about 8 litres per 
minute, or just over 100 cubic centimetres per beat. During 
exercise the heart may deliver three or four times as much 
per minute, mostly as the result of an increased number of 
beats per minute. The beat of the heart which is felt below 
the fifth rib on the left side is due to the left ventricle striking 
the wall of the chest each time it contracts and stiffens. 

The blood is squirted along the arteries at a rate which 
may be as high as 50 centimetres a second, and each fresh 
wave causes a pulse in the artery. If an artery is cut, the 
blood comes in a series of spurts from the side nearest the 
heart, and can be stopped by pressure on the heart side cf 
the cut. It is easy (and safe) to stop the pulse in the wrist 
by pressing on the same artery higher up, either inside the 
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elbow or inside the upper arm just below the armpit, where 

it can be felt. 

The blood flows through the capillaries very slowly, at 
about half a millimetre per second. Their average length is 
about a millimetre, while their diameter may be less than 
0*01 millimetre. Their very thin walls allow water, gases, 
and dissolved substances to be exchanged between the blood 
and the tissues with great ease (see fig. 35). 

From the capillaries the blood oozes gently into the veins. 
They have no pulse, and a comparatively small pressure and 
rate of flow. A cut vein bleeds steadily and the flow can be 
stopped by compressing the side away from the heart. The 
flow of blood in the veins is assisted by the presence of valves 
in them, which only allow it to move towards the heart. If 
the finger-tip be run along one of the veins of the forearm 
away from the heart, the vein will dilate on the heart side 
of each valve. When therefore the contraction of various 
muscles squeezes the veins, the blood can only flow towards 
the heart. If a man stands quite still the blood tends to 
accumulate in the veins of his legs, and he is liable to faint 
from failure of the supply to his brain. When he starts 
walking the blood is at once squeezed out of these veins. 

The only veins in man which do not lead straight back to 
the heart are those from the digestive canal and some other 
abdominal organs, which pass into the liver. Here, as we 
shall see later, the food absorbed by the blood from the gut 
is dealt with (fig. 34). As the liver needs oxygen, it has also a 
supply of fresh arterial blood. 

In most other animals the circulation is somewhat differ- 
ent. Thus in a fish the blood only goes once through the 
heart in a complete journey, instead of twice, and it all passes 
through the gills before going on to the tissues. In the frog, 
in keeping with its two ways of breathing, we have a condition 
almost half-way between that found in fish and men (p. 17). 

We must now consider how the blood acts as a carrier of 




Fig. 34. Diagram of the course of the circulation in man. The blood 
entering the right side of the heart by the main vein flows into R.A,, the right 
auricle ; thence, through a valve, into R.V.y the right ventricle, which pumps 
it, through a valve, down P.A,y the pulmonary artery, to the lungs, Lg. The 
blood here flows in capillaries, and is then gathered up into the pulmonary 
vein, P.V.y and taken to the left side of the heart, entering the left auricle, L.A., 
then (through a valve) the left ventricle, L.V., and by this being pumped out 
(again through a valve) into the aorta, Ao. Some of the blood (A^) goes to 
the head and anterior extremities, whence it is returned by the anterior venae 
cavae (F^), into which discharges the main trunk of the lymphatic system, 
the thoracic duct (Th.D.), The rest (A^) goes to the trunk and hind limbs. 
That which supplies the digestive tube (Al.) passes to the liver (Lr.) by the 
hepatic portal vein (V.P.) ; the liver also receives arterial blood direct by H.A.y 
the hepatic artery. The hepatic vein, H.V., joins the veins from the other 
posterior regions, V^, and flows to the heart in the inferior vena cava, V.C.I, 
Let. denotes the lacteal lymphatic vessels from the intestinal wall, Ly. ordinary 
lymphatics. (Huxley, Lessons in Elementary Physiology , 1915.) 
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oxygen and carbon dioxide. Water at body-temperature will 
only take up one two-hundredth of its volume of oxygen 
from air ; if the blood were no better than this we should 
need a heart working forty times as fast as the one we have. 
Actually the oxygen is carried round in loose chemical com- 
bination with a body called haemoglobin. This is a protein, 
but contains iron as well as the usual carbon, hydrogen, 
oxygen, nitrogen, and sulphur. It is of a purple colour, but 
becomes red on combining with oxygen, which it readily 
thkes up from the air. Thus the blood in the veins is purplish, 
but if exposed to air either in the lungs or by opening a vein, 
it at once becomes red. The haemoglobin which it contains 
enables blood to hold i8 volumes of oxygen per cent., which 
is I of the amount contained in the same volume of air, and 
about 40 times what the blood could carry without haemo- 
globin. Since blood carries dissolved solids as well as gases, a 
single set of capillaries supplies the tissues with all that they 
need for activity, growth, and repair, besides removing most 
of the waste products. The carbon dioxide produced in the 
tissues is mainly carried, not in solution as such (COg), but 
in combination as sodium bicarbonate (NaHCOg). 

If we look at a drop of blood under a microscope we see 
that it consists of a clear fluid full of little reddish-yellow 
bodies about 0.007 niillimetre in diameter, shaped like a 
round biscuit, with a depression on either surface. They can 
just be seen with a powerful hand-lens. A cubic millimetre 
of blood contains about five million, and, as a man has about 
4 litres of blood, the total number in his body is about 
20 million million, or far more than the number of men who 
have lived since history began, or probably at all. Their 
total surface is about 1,500 times the surface of the body. 
All the haemoglobin of the blood is contained in them, and 
they therefore carry round the oxygen from the tissues. 
Their huge surface area renders this exchange easy. They are 
cells which have lost their nucleus and are therefore not 
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fully alive, but act as passive carriers of oxygen. They are 
always being produced in large numbers in the bone-marrow, 
and destroyed in the spleen and liver when worn out. 

For every 500 or so of these red corpuscles there is 
one white corpuscle. Those shown in fig. 36 have been 



Fig. 35. A. A large capillary vessel (from the mesentery of an anaesthetized 
frog) showing the migration of white blood-corpuscles out of the vessel as a result 
of irritation caused by several hours exposure to air. a, a, leucocytes in the act 
of passing through the wall of the capillary ; 6, 6, leucocytes which have passed 
right out (Frey), b. A small arteriole (left) and venule (right), with a network 
of capillaries connecting them, as seen in the web of a frog’s foot under a low 
magnification. (After Allen Thomson.) 

Stained to show their structure. They are true cells with 
nuclei, and some of them are capable of active movements. 
There are at least six different kinds with different functions, 
mostly of a protective character. Thus one kind eat up 
parasites found in the blood, another kind burrow through 
the walls of capillaries in inflamed areas, and remove dead 
or injured tissue and disease-germs, often forming collec- 
tions of ‘ matter ’ or pus (figs. 35, 36). Others produce sub- 
stances which kill disease-germs, and so on. The blood also 




(b) 

Fig. 36. Two examples of Phagocytosis by human white blood-cells. 
In (a) are seen one white and three red blood-corpuscles. The white corpuscle 
has a large nucleus in three parts, and has ingested a number of Micrococcus 
pyogenes aureus^ the common bacterium of boils, abscesses, &c. (6) is a micro- 
photograph showing white blood-corpuscles which have ingested large numbers 
of foreign particles (sheep red blood-corpuscles) with which they have been 
incubated. 
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contains non-cellular bodies called platelets, which are smaller 
than the corpuscles and are concerned in clotting and in 



Fig. 37. Ventral view of the human thoracic duct (a, 6). It is seen to be 
connected with other lymphatic trunks and glands (e.g. those in the lumbar region, 
d), and to open into the junction of the left jugular (/) and subclavian (g) veins 
at c. It lies just ventral to the spinal column, on either side of which are seen por- 
tions of the ribs (i). /i, anterior vena cava, just anterior to which, in the median 
line, is a piece of the wind-pipe. (Huxley, Lessons in Elementary Physiology, 1915.) 

immunity ; there may also be tiny drops of oil after a 
fatty meal. 

Besides the blood-vessels, all vertebrates possess another 



io6 Transport in the Body 

system of vessels which open into the veins, but contain 
clear fluid called lymph. The lymphatic vessels slowly drain 
away fluid from the spaces between the cells. On the course 
of the vessels the fluid passes through small lymph-nodes or 
glands, which may be felt under the skin in the neck, armpit, 
or groin, before entering the blood. The lymph contains 
white corpuscles which are largely produced in these glands, 
and abnormal bodies from the tissues are dealt with in them. 
Thus if the arm is inflamed, the lymph-nodes of the armpit 
are generally enlarged, as they are busy destroying poisons 
or bacteria from the inflamed tissue. The lymphatics also 
play a part in digestion, which we shall study later (fig. 37). 

We must now see how the cells obtain the food-stuffs which 
they require. In simple animals such as polyps every cell 
is so close to the digestive cavity that it can obtain food 
thence directly. In most higher animals, however, the cells 
which line the alimentary canal and its glands are highly 
specialized for the purpose of breaking up the food-stuffs 
into soluble forms and passing them rapidly into the blood 
or other body -fluids. This process is called digestion. A 
few internal parasites like the tapeworm have no gut, but 
absorb their food through their skin, relying on their host 
to break it up for them. 

The course of digestion in man is as follows. The food 
is chewed in the mouth, where it is also moistened by saliva, 
a fluid secreted mainly by three neighbouring pairs of glands. 
Two pairs of these lie between the tongue and the lower 
jaw, the third pair (whose inflammation causes mumps) lie 
below the external ear, mainly inside the lower jaw-bone. 
Besides moistening the food, saliva contains am enzyme, 
ptyalin, which breaks up starch into an easily soluble sugar 
called maltose. 

Enzymes play a much larger part in digestion than do 
mechanical processes. Each digestive enzyme is a definite 
substance with the property of bringing about, or enormously 
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speeding up, a particular chemical reaction. Pepsin from the 
stomach will split up half a million times its weight of pro- 
tein, but will not alter starch or fat. So delicately is an enzyme 
adjusted to the substrate on which it acts, that as most food 
molecules are asymmetrical (as we know from their rotation 
of the plane of polarized light and their asymmetrical 
crystals) so are the enzymes that act on them. Enzymes have 
been compared to keys which open certain locks only. But 
they are like ‘ Yale ’ rather than ordinary keys. For we can 
make in the laboratory a sugar or peptide (part of a protein 
molecule) which only differs from the natural variety in that 
its molecules are related to the natural molecules as a left 
hand to a right or an object to its image in a mirror. Enzymes 
will not act on these artificial substances, though they digest 
their mirror-images which occur in nature. So Alice, who 
went through the looking-glass in the story, could not have 
digested the looking-glass proteins and carbohydrates. She 
would have had to get her energy from fat and alcohol, whose 
molecules are symmetrical, and would finally have died of 
protein starvation. 

Enzymes are not alive, and can still work when removed 
from the body ; but they are generally destroyed by boiling. 
The action of ptyalin can easily be shown. A solution of 
boiled starch gives a blue colour with iodine. If saliva is 
allowed to act on it for a few minutes at body-temperature 
or a few hours in the cold, the starch is broken down to 
sugar and loses this property. If the saliva is first boiled no 
change occurs. 

When the food is swallowed, it is passed into the gullet 
or oesophagus. To get there it must pass over the mouth 
of the wind-pipe, and when any falls down this we choke. 
To prevent this, the breathing is stopped while we swallow, 
and the cartilages at the top of the wind-pipe which are 
concerned in voice-production are brought together so as 
to close the top of the larynx. It is further protected by a 
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cartilaginous lid at the back of the tongue called the epiglottis, 
which is pressed backwards over it by the food during 
swallowing. The movements of the laryngeal cartilages can 



Fig. 38. The abdominal portions of the human digestive tube, ventral 
VIEW. Ry right ; L, left sides of the body, oe, gullet (oesophagus), sty stomach. 
pyy aperture of stomach into small intestine (pylorus). duOy duodenum, opening 
into the much-coiled remainder of the small intestine {Jej and //). This opens 
into the large intestine, with its coecum (coe) and vermiform appendix {verm). 
It is divided into colon, ascending (A. col) and descending (D. col), and rectum 
(R). (Huxley, Lessons in Elementary Physiology, 1915.) 

easily be felt. As the food leaves the mouth it passes out of 
the control of consciousness and will. The movements of our 
digestive canal, except at the two ends, are carried out by 
smooth or involuntary muscle and are controlled by a special 
part of the nervous system over which the mind does not 
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preside. The food or drink on leaving the mouth is seized by 
the smooth muscle of the oesophagus, which contracts behind 
it and relaxes in front, thus passing it rapidly down into the 



Fig. 39. A simple gland from the stomach of a mammal (a bat). The 
narrow duct opens above into the cavity of the stomach, among columnar cells. 
The main part of the gland is a simple tube, formed of a single layer of cells ; 
these secrete pepsin. A few darker-stained cells are seen near the outer side 
of the tube ; these probably secrete hydrochloric acid. 


stomach. Owing to this gripping action one can eat or drink 
while standing on one’s head. 

The human stomach (figs. 38, 40) is abagof smooth muscle 
lined with a membrane consisting mainly of microscopic 
glands (fig. 39). When expanded it will generally hold about 
2 litres. The gastric juice is a clear fluid containing about 
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\ per cent, free HCl, and several enzymes, of which the most 
important is pepsin. In presence of acid (though not in 
a neutral or alkaline fluid), pepsin causes proteins to break 
up into bodies called peptones and proteoses, which have 
very much smaller molecules than the proteins from which 
they are derived, and are more soluble. Some carbohydrates 
are attacked by the hydrochloric acid. Thus each molecule 
of cane-sugar is split into one of glucose and one of fructose, 
and inulin, a starch-like body found in many plants, is broken 
up into fructose. Fats are less affected in the stomach. 

A meal remains in the stomach for a time — generally 
between ofie and four hours — which depends on the nature 
and quantity of the food taken. All this time the muscular 
walls of the organ are contracting in such a way as to mix 
the food thoroughly with the gastric juice. Hardly any 
absorption occurs in the stomach. When its contents are 
fully mixed the muscular ring surrounding the lower orifice 
of the stomach, the pylorus, opens, and a jet of its contents 
is squirted into the duodenum, the top portion of the small 
intestine. After a heavy meal the stomach may take several 
hours in emptying itself. 

The human small intestine is a tube about 6 metres long 
and 3 cm. in diameter when relaxed (fig. 38). It is lined by 
fine projections of the mucous membrane, the villi, which 
give it a velvety texture, and increase tenfold the surface 
available for absorption. Between the bases of the villi are 
the mouths of numerous microscopic glands, and just beyond 
the pylorus open the ducts of two large glands, the liver and 
pancreas. The liver, among its other functions, secretes bile. 
This contains substances which have the property, possessed 
in a less degree by soap, of lowering the surface-tension of 
water in which they are dissolved. Drops of oil or melted 
fat tend to join up so as to have as small a surface as possible. 
This tendency of the surface to shrink is prevented by the 
bile in the intestine, so when fat-drops are broken up there 
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they do not coalesce again, but form a milky emulsion. 
Hence the fat-splitting enzyme made in the pancreas can act 
on a vastly greater surface of fat than would otherwise be 
available. A man with jaundice from a blocked bile-duct can 



Fig. 40. The position and shape of the moderately full human stomach, as 
revealed by X-ray photography after a meal mixed with oxychloride of bismuth, 
which is opaque to X-rays, o, gullet (oesophagus) ; F, fundus of the stomach 
(containing air) ; PC, pylorus of stomach, opening into the small intestine ; 
u, position of the umbilicus (navel) on the surface of the body. The dotted 
lines indicate the position of the backbone. 


digest milk, whose fat is already broken up, but not suet or 
butter, which form big drops. The bile also contains pig- 
ments formed from the haemoglobin of worn-out red cor- 
puscles. These are excreted in the faeces and give them their 
yellow colour. In jaundice the bile-duct is blocked, and 
accordingly the skin becomes yellow and the faeces white. 
Bile is stored in the gall-bladder till required. 
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The pancreas secretes a juice containing a number of 
enzymes. One of these, like ptyalin, breaks down starch 
into maltose. Others break down maltose to glucose, and 
lactose (milk-sugar) into glucose and galactose, a very similar 
substance. Another breaks down fat into glycerol and fatty 
acids, which partly combine with alkali to form soap. In 
every case the molecules formed will pass more easily 
through a membrane than those of the food. If the juice 
contained a protein-splitting enzyme it would probably 
digest the pancreas itself and its duct. However, it contains 
a substance which, on mixing with the secretions of the 
intestinal glands, yields trypsin, an enzyme which attacks 
proteins and the products of peptic digestion, breaking them 
down into amino-acids (see volume on Chemistry in this 
series). These enzymes will not act in an acid fluid, so the 
bile and pancreatic and intestinal juices contain enough 
sodium bicarbonate to neutralize the acid of the gastric 
juice. 

The secretion of the intestinal glands, besides the sub- 
stance which helps to form trypsin, contains an enzyme 
which will break down peptones, though not whole protein 
molecules, into amino-acids. There are also enzymes which 
break down milk-sugar and cane-sugar to sugars containing 
only six carbon atoms. 

So far as we know, no animal more complicated than a 
snail produces an enzyme which will break up cellulose. 
But grass consists very largely of cellulose, and to digest it 
hoofed animals and other plant-eaters employ bacteria which 
grow in their digestive canal. In cud-chewers like the cow 
and sheep these bacteria live in special compartments of the 
stomach ; in the horse in the large intestine, which may have 
a capacity of 200 litres. The bacteria can get very little 
oxygen, so they cannot oxidize the cellulose, but they turn 
a good deal of it into methane, which is wasted, and leave 
much undigested. The rest, however, is broken up into 
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small molecules which the animal can absorb. In man. 
cellulose is not digested, but it is useful in giving bulk to 
the faeces and preventing constipation, which easily occurs 
when the food leaves no indigestible residue. 

The food is thus broken up into easily soluble constituents, 
and is ready to be absorbed. This is done by the epithelium 
of the small intestine. The passage through is not a mere 
filtration. For example, the blood contains one part of sugar 
per thousand, and if sugar merely filtered across from gut 
to blood, it could never quite disappear from the gut as it 
in fact does. Actually, during the absorption of food, the 
absorptive cells perform work, for which they need an extra 
supply of oxygen. 

The fats are, in part at least, put together again from 
glycerine and soap, and passed as a fine milky emulsion into 
the lacteals, as the lymphatics of the small gut are called. 
These join together to form the thoracic duct (fig. 37), which 
runs up through the chest and empties into the jugular vein 
at the base of the neck. The blood may be noticeably milky 
after a heavy meal of fat. The rest of the products of diges- 
tion are passed into the capillaries, and dissolved in the 
blood. 

All the veins from the gut run to the liver (fig. 34), and 
here the food is further dealt with. Thus sugar, if not needed 
immediately for oxidation, is stored as a starchy body called 
glycogen, discovered by Claude Bernard, and gradually 
liberated as required later on (see Chap. VIII). Some of 
the sugar and most of the fat are stored elsewhere. Part of 
the sugar is stored as glycogen in muscles, but much of it 
is made into fat and stored under the skin and round some 
of the internal organs, along with fat from the food. In the 
frog fat is stored in special fat-bodies. The stored glycogen 
is later split up into glucose for use in the body by an 
enzyme, which continues to work after death, and the sugar 
thus liberated gives liver its well-known sweet taste. Abso- 

2581.4 


1 



1 14 Transport in the Body 

lutely fresh liver is not sweet. Again, ammonia, which is 
formed in the digestion of many proteins, is, in the liver, 
mostly combined with carbon dioxide to form urea (2 NH3 + 
CO2 = CON^H^-f HgO). Urea is a very innocuous body, 
but ammonia rather poisonous if it gets to the brain, so that 
if the blood from the gut is short-circuited into the vena 
cava instead of going into the liver, a heavy meal of meat 
may cause convulsions. The liver also deals on the same 
sort of lines with any excess of amino-acids in the blood and 
with various poisons ; its most important function is thus the 
regulation of the blood’s composition, and not the secretion 
of bile. During starvation the body lives on its stores of fat, 
and the liver takes on the new duty of converting the stable 
fats such as those of suet into oils like that of linseed, which 
are very easily oxidized. 

The unabsorbed residue of the food from the small intes- 
tine passes into the large intestine, where it remains in man 
for a day or so, and is acted on by bacteria. These are of 
little or no value to man, though very valuable to some 
animals. In man little but water is absorbed there. By this 
removal of water the bulk of the waste food is reduced by 
about nine-tenths. The large intestine also excretes poorly 
soluble salts, such as calcium phosphate, from the blood. 
These would clog up the urinary passages if they were 
excreted by the kidneys. 

The active tissues take oxygen, sugar, fat, and amino- 
acids from the blood, and use them for oxidation, growth, 
and repair. Into the blood they empty waste-products, of 
which the most important are water, carbon dioxide, and 
urea, but other soluble waste-products of protein metabolism 
include sulphuric and phosphoric acids, creatinine, and uric 
acid. The last two contain C, H, O, and N. They are all 
excreted by the kidney except the carbon dioxide and some 
of the water, which go out by the lungs, and, in the case of 
water, the skin. 
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The kidneys consist of a mass of tubules (fig. 41) (about 
a million on each side in man) each beginning in a capsule 
containing a tuft of capillaries, and ending, after a winding 
course, in the central cavity of the kidney. The capillary 
tuft seems to act as a filter, and the fluid that soaks through 
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Fig. 41. Diagram of a Malpighian Corpuscle in the human kidney. The 
end of the kidney tubule is thin-walled, and is dilated to form a capsule (Bow- 
man’s Capsule). This is invaginated by the ingrowth of a small arteriole and 
venule, which break up within the inner wall of the invaginated capsule to form 
a network of capillaries or glomerulus. 


it is blood minus corpuscles and minus a few of the large 
molecules, such as the proteins concerned in clotting. As 
this filtrate runs down the tubules, the cells lining them 
reabsorb valuable constituents of the blood, such as sugar, 
and probably add unwanted ones such as urea, ammonia, 
uric acid, creatinine, and sulphates. The urine trickles down 
the ureters into the bladder, whence it is emptied from time 
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to time. An adult man produces on an average about 1-5 
litres of urine per day, containing 30 grams of urea, 15 of 
sodium chloride, and 10 of other soluble waste-products. 

The blood is thus the medium of exchange between the 
different parts of the body. The heart keeps it moving, the 
lungs and gut supply it with fresh oxygen and foodstuffs, 
other organs get rid of waste products, and all the tissues 
of the body take from it according to their needs. The life 
of every part of the organism therefore depends on an ade- 
quate supply of blood of proper composition. 
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THE NERVOUS SYSTEM 

THE activities so far described may almost all be found 
in machines, but a complicated machine needs human con- 
trol if the parts are to work harmoniously. The body to 
a large extent runs itself. The diaphragm and heart contract 
with the appropriate force and rhythm, the pancreas begins 
to secrete as food reaches the duodenum, and so on. But 
in many of our more complex activities, such as the move- 
ments of my hand as I write these words, consciousness 
plays a part. The chief agency in co-ordinating our actions 
is the nervous system. Many of its activities are unconscious: 
consciousness and will only play a part where our past ex- 
perience is likely to be of value in influencing our behaviour. 

The unconscious responses of the nervous system are 
called reflex actions, or reflexes ; though of course it is also 
responsible for voluntary actions. The nervous system 
controls striped muscle, heart muscle, smooth muscle, and 
glands, but with very few exceptions it is only the striped 
muscles that the will can influence, and even they are often 
moved by reflexes. In every reflex or voluntary action three 
organs are always concerned, first a receptor organ which 
is appropriately stimulated, then a longer or shorter path in 
the nervous system, and finally an effector organ. The latter 
is always a muscle or gland in man, though other animals 
have electric and luminous organs under nervous control. 
In the case of voluntary action the delay in the central 
nervous system may be very long, but there is always some 
external motive for a voluntary action. The nature of reflex 
and voluntary action will be made clearer by a few examples. 
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Action. 

Receptor. 

Effector. 

I. Speeding up of the heart on 
increasing its supply of blood 
(Chap. VII). 

Nerve-endings in 
right auricle. 

Heart muscle. 

2. Contraction of pupil in strong 
light. 

Retina of eye. 

Smooth muscle of 
iris. 

3. Reddening of skin after a 
scratch. 

Pain spots of 
skin. 

Smooth muscle of 
small vessels 
which open. 

4. Secretion of saliva on smelling 
food. 

Olfactory organ 
in nose. 

Salivary glands. 

5. Knee jerk.* 

Nerve-endings in 
tendon. 

Extensor muscles 
of thigh. 

6. Blinking on eye being struck 
at. 

Retina of eye. 

Eyelid muscles. 

7. Breathing. 

Respiratory cen- 
tres in brain. 

Muscles of chest 
and diaphragm. 

8. Sneezing. 

Nerve-endings in 
nose. 

Muscles of chest 
and diaphragm. 

9. Answering a bell. 

Organ of Corti 
in ear. 

Leg muscles. 


All but the last are reflexes. The first three are entirely 
independent of will or consciousness. They are performed 
by smooth muscle. The fourth involves consciousness but 
not will. It can, however, be influenced by voluntary atten- 
tion. The next four are performed by striped muscle, and 
are partly under voluntary control. The last is a very simple 
voluntary action. The line between reflex and voluntary 
action is not sharp. Only an experienced schoolmaster can 
tell voluntary from reflex coughing. It will be seen that the 

* Sit down, cross the legs, and hit the tendon below the knee-cap. 
The extensor muscles of the thigh contract, and the foot flies up. 
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receptor organs are generally, but not always, sense-organs, 
that is to say, their stimulation produces consciousness as 
well as reflex action. 

We can learn a great deal about the properties of nerve 
by taking a muscle with its motor nerve out of a recently 
killed animal. If we stimulate the nerve by electrical or 
chemical means, or mechanically (e. g. by pinching), the 
muscle will contract. This irritability continues for many 
hours, though the muscle is very easily fatigued unless it 
has a proper oxygen supply. The muscle may be made to 
work a lever which writes on a moving sheet of paper, and 
the effects of different stimuli can thus be compared. We can 
also measure the heat or electrical changes produced . By such 
means we learn the following fax:ts about nervous conduction. 

Each fibre conducts independently of the others. It con- 
ducts not a steady stream, but a series of nervous impulses. 
An impulse is not an electric current, but an activity of the 
nerve-fibre producing an electrical effect and a little heat 
as it goes along. It travels at about 30 metres per second or 
70 miles per hour in man. Thus a man, hit by a car going at 
80 miles per hour, will probably feel nothing because his 
brain is destroyed before any nervous impulses from his 
skin reach it. After the passage of an impulse the fibre needs 
a rest of one-thousandth of a second or more before it can 
transmit another. All impulses in the same fibre are normally 
of the same intensity. Thus, from this point of view, we 
may compare a nerve to a bundle of telegraph wires, down 
which electrical waves of the same intensity pass at varying 
intervals, but not to a bundle of telephone wires, in which 
the intensity of the waves is variable. Finally, the energy 
of a nervous impulse is so small that about four million 
impulses (which would take several hours to pass) would be 
needed to heat a nerve C. 

A voluntary muscle responds to one nervous impulse by 
a twitch, to a rapid series by a steady contraction. A con- 
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tracting human muscle is getting about forty-five impulses 
per second. The energy liberated in a gram of contracting 
muscle is several hundred thousand times greater than that 
in a gram of the nerve which supplies it. This ratio is 
about the same as that of the energy developed by a thirty 
H.P. motor-car running for twelve hours, to that used by 
the man who turns the starting-handle for a minute. Muscles 
can be made to contract by weak artificial electric currents 
as easily as by those produced by the nerve. 

We are not yet sure of the details of how a muscle con- 
tracts, though it seems that the lactic acid formed causes 
microscopic fibrils to contract, as many proteins do when 
placed in weak acid. A muscle is not a heat engine, for it 
has a very high efficiency such as is only found in heat engines 
one part of which is very much hotter than the other. Its 
chemical energy is converted directly into work without first 
passing into heat. The actual process of contraction may 
have an efficiency of 90 to 100 per cent., but an amount of 
energy greater than the work done in contraction is wasted 
as heat during the re-synthesis of the lactic and phosphoric 
acids, so that the whole process has an efficiency of only about 
40 per cent. Moreover, a good deal of energy is needed for 
the extra breathing and heart action during exercise, besides 
the basal metabolism which goes on all the time. So, con- 
sidered as a machine, a man never has an efficiency of more 
than 25 per cent. At best, he turns three times as much 
energy into heat as into work. Moreover, a muscle heats up 
while keeping up a steady contraction, as in standing, 
supporting a weight, or pushing at a closed door. 

Striped muscles become quite flabby when their nerves 
are cut, but heart muscle and smooth muscle remain active. 
Striped muscles have probably only one set of motor nerves 
which make them contract. Involuntary muscles have two 
sets : stimulation of one set causes increased activity, of the 
other set rest or lessened activity. 
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The eflFects of stimulating a nerve-fibre depend mainly 
on its connexions in the body, to some extent on the quantity 
and rhythm of the stimulus, but not at all on where in its 
course it is stimulated. These facts were first discovered 
by Muller in 1826. Thus a blow on the ‘ funny-bone ’ or 
just above it is felt in the ring and little fingers because the 
nerve from them runs near the surface at this point, and 
irritation of the nerves in the stump of an amputated leg 
will give a man pain which he feels in toes that he may have 
lost forty years ago. Again, when the nerve to the face 
muscles has been destroyed, the power to move them may 
sometimes be regained by grafting the nerve supplying 
certain neck and shoulder muscles into the old track 
of the facial. But when connexion has been made the 
patient, in order to move the face, must will to move the 
shoulder. 

The most accessible receptor organs are those of the skin. 
They can easily be studied in an area where they are 
scattered, as on the side of the knee. If the skin is shaved 
we find that only parts round the hair roots are sensitive 
to gentle touch with a bristle. Each root is surrounded by 
a network of nerve-fibres which are easily stimulated. The 
small hairs act as levers, and render the ‘ touch spots ’ more 
sensitive. In hairless parts, such as the palm, sole, and lips, 
there are special receptors for touch (fig. 47). Similarly if 
we go over the skin with a warm blunt metal point, we find 
that warmth is only felt at a second set of points (not those 
sensitive to touch), cold at another set, and pain at a fourth. 
Many areas on the thigh are quite insensitive to pain, as 
they have no pain-spots. It is characteristic of receptor 
organs to be specially sensitive to one kind of stimulus, which 
may be physical, as with the skin organs, or chemical as 
with those of taste and smell. They will, however, generally 
respond to inappropriate stimuli, if these are strong enough. 
Thus mustard will stimulate first the heat and then the pain- 
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spots. A blow or pressure on the eye will make one see 

stars, and so on. 

On the other hand each receptor organ, with the paths 
leading from it to the brain, can generally only give rise to 
one kind of sensation. This, however, depends on the part 
of the brain to which it leads, not on the organ which is 
stimulated. There is no fundamental difference in the 
nature of the impulses in different nerves, as there is in their 
effects. If we stimulate the optic nerve, even after the loss 
of the eye, we get visual sensations, and so on. 

If we put the right hand into hot water, and the left into 
cold for a minute, and then both into lukewarm water, this 
feels cold to the right hand and hot to the left. This is 
characteristic of the senses. They tell us more about differ- 
ences of intensity in their stimuli than about their absolute 
intensity. When we look at a candle in sunlight we find it 
hard to believe that we can see by it, or even be dazzled 
by it, at night. We go into a dark room, and see nothing 
at first, but soon adapt ourselves, and see the things in it 
instead of a uniform blackness. After half an hour in a 
sound-proof room one finds the noise of one^s own heart 
and breathing unpleasantly loud, though normally one cannot 
hear them. 

The fineness of discrimination for touch depends mainly 
on the closeness of touch-spots. Thus, on the palm, where 
they are very numerous, we can distinguish two points from 
one if they are i centimetre apart. On the back, where there 
are few touch-spots, this distance must be increased seven 
times or more. 

Under the skin are receptors of many kinds. Some respond 
to deep pressure, and others to pain, but when once the skin 
is cut through, most healthy tissues are almost insensitive 
to pain. They become tender, however, when inflamed. 
The gut and other hollow organs are insensitive to cutting 
or burning (stimuli to which they are not normally exposed). 
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but very painful when stretched either by unusually bulky 
contents or unusually strong contractions of their muscles. 

There are also receptors in muscles, tendons, and joints. 
These send impulses to the central nervous system, which 
inform it of the relative positions and movements of different 
parts of our body. Receptors and nerves with this function 
are called proprioceptive, whilst those whose stimuli come 
from outside are called exteroceptive. Proprioceptive organs 



Fig. 42. Diagr\m to illustrate the course of nerve-impulses concerned 
IN A SPINAL REFLEX. The ncrvc-cell bodies are indicated as black dots, their 
fibres as lines. The grey matter of the cord is dotted. 


may affect the consciousness. Thus we can tell how much 
our knee is bent even with our eyes shut, owing to the joint- 
organs, or how great a weight we are holding, owing to the 
muscle-organs. But far more important is the aid they give 
us without our knowing it, in the co-ordination of muscular 
movement. If proprioceptive impulses cannot reach the 
brain from the legs, as happens in a disease of the spinal 
cord called locomotor ataxy, in which sensation is not lost, 
the patient cannot co-ordinate the movements or postures 
of his leg muscles. In walking he raises his foot too high 
and brings it down too hard. He cannot stand with his eyes 
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shut. There is no weakness of the muscles, but they cannot 
be used properly, as the brain gets no information as to 
what they are doing except through the eyes. 

The spinal cord consists of a central core of nerve-cells, 
called the grey matter, surrounded by millions of fibres 
mostly running lengthways, and called the white matter 
(fig. 42). Both include a scaffolding of supporting cells. 
Between each pair of vertebrae a nerve leaves the spinal 
canal on each side. It enters the spinal cord by a dorsal 
and a ventral root. The ventral root fibres go to muscles 
and glands, and are only traversed by impulses going out- 
wards. The dorsal root consists of fibres carrying impulses 
from receptor organs to the cord. So if a dorsal root is 
cut we lose the capacity for feeling with a certain area of the 
skin, while injury to ventral roots leads to paralysis of 
muscles. But most nerves contain both sensory and motor 
fibres, so when a nerve is cut both movement and sensation 
are lost in the area which it supplies. The separation of the 
roots serves to bring all the sensory fibres to one cell-area 
within the cord, all the motor fibres to another. 

A nerve’s only function is to conduct, but the spinal cord 
not only conducts impulses to and from the brain with its 
fibres, but gives rise to reflexes by means of its nerve-cells. 
This is shown by what happens when it is divided. If a man 
breaks his spinal cord in the neck, he dies because his 
breathing muscles are cut off from the brain, and get no 
nervous impulses to make them work. If it is broken lower 
down he may live for some time. He has absolutely no 
feeling in the parts of his body and no voluntary control 
over the muscles whose nerve-supply comes from the part 
of the cord below the break. But if we examine him six 
months after the accident we find reflexes occurring in the 
lower part of his body. If, for instance, we pinch his foot 
it is drawn upwards without his knowledge or will. If the 
lower part of the cord is destroyed or the nerves to it cut, all 
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reflexes cease. A great deal has been learnt about nervous 
activity from the study of spinal reflexes. They are easily 
studied on the carcass of a frog whose brain has been 
destroyed by poking a blunt wire into it from behind. If 
we irritate its skin its hind leg scratches near the place 
irritated, but its responses are clumsy, and it does nothing 
without some fairly violent stimulus. 

Provided they are in nervous connexion with the brain 
or spinal cord, the muscles of a limb are never quite flabby. 
They are mostly in a state of gentle but steady contraction 
or ‘ tone so as to keep the limb in a definite posture. If 
then the knee is to be bent, as the flexor (bending) muscles 
of the thigh contract, its extensor muscles must relax. If 
they relaxed too little or too slowly there would be a strain 
and a waste of energy. If they relaxed too quickly or com- 
pletely the movement would proceed too far, and the knee- 
joint might be dislocated. Exactly the same applies elsewhere. 
Almost every muscle in the body, those of the trunk, jaws, 
and eyes, as well as the limbs, has an antagonist, and arrange- 
ments must be made for one to relax as the other contracts. 
As there are no inhibitory nerves to striped muscles, this 
can only be done by inhibiting or switching off the activity 
of those cells in the central nervous system which are sending 
impulses to the muscle which has to relax. 

Fig. 42 gives an idea of some of the connexions concerned 
in a simple spinal reflex. An impulse enters the cord 
through a fibre in a dorsal root from a pain-spot in the foot. 
The fibre divides and its branches end near nerve-cells in the 
grey matter. One of these cells is represented sending a 
fibre to a flexor muscle of the knee, another sends a fibre 
to an extensor. When the pain-spot is stimulated the im- 
pulses passing along it cause more nervous impulses to be 
generated in the cell connected with the flexor muscle, less 
in that connected with the extensor, so the knee tends to 
bend, and the foot to be withdrawn. Actually things are far 
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more complicated. Stimulation of a single pain-spot will 
only cause movement after a long time or never, and, if 
movement occurs, hundreds of nerve-fibres will be conduct- 
ing impulses at once. To get a prompt movement one must 
stimulate a number of spots or fibres from them at once, 
as when one treads on a hot coal. Though the type of con- 
nexion shown in the figure have actually been observed with 
the microscope, in most reflexes the excitation has to pass 
through several neurons before it reaches the cell whose 
axon is the nerve-fibre to the muscle or other effector. 

We must now study the function of the spinal cord in 
conducting nervous impulses in both directions between the 
body and brain. In a mixed nerve like the sciatic in the 
thigh, all sorts of fibres with different functions run together. 
Some are carrying impulses to the muscles, others from the 
skin and deep receptors. As they enter the cord they are 
sorted out according to which way they conduct, and later 
on a further sorting process occurs. For example, the im- 
pulses which on reaching the brain give rise to sensations of 
temperature, run up the spinal cord by a different path from 
those which give rise to sensations of touch. 

These paths have been located by several different methods, 
which have also been applied to the study of the brain itself. 
First, symptoms are observed in patients, and after their 
death local injuries of the spinal cord due to splinters of 
metal or bone, burst blood-vessels, or tumours, are found. 
When the same symptoms are observed in another patient 
they can often be relieved by the surgeon owing to the 
knowledge so gained. To refuse leave to examine the body 
in such a case is to condemn some one else to die with those 
symptoms. Again, after destruction or division of some parts 
of the nervous system one can observe with the microscope 
the death and degeneration of groups of nerve-fibres. Now 
we know that when a fibre is divided, only that part dies 
which is separated from the cell-body and nucleus of the 
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neuron to which it belongs. So we can discover in which 
direction the cell-bodies of any bundle of fibres lie. But in 
the central nervous system the long fibres always conduct 
nervous impulses away from the nucleus, so we discover the 
direction in which nervous impulses run in the fibres we 
have cut. Finally, we can try the effect on an animal of 
cutting or stimulating some part of its nervous system. (The 
lower parts of the system will still work after the animal has 
been made unconscious by an anaesthetic or by removing 
its cerebrum.) By such methods we can distinguish five main 
pairs of ascending fibre-tracts in the human spinal cord, 
besides numerous smaller groups. Two of these go to the 
cerebellum, and their injury does not affect consciousness, 
but causes unsatisfactory movements and postures, the brain 
being without information as to what the muscles are doing. 
Two of them send impulses only to parts of the brain con- 
cerned in consciousness. One serves both purposes. 

Before we study the functions of the brain it will be con- 
venient to deal with the special sense-organs in the head 
which communicate with it directly and not through the 
cord. The organs of the chemical senses, taste and smell, 
are found in the mouth and nose. They work together, and 
much of the sensation we commonly regard as taste includes 
an element of smell. With the eyes and nose tightly shut, 
taste will not distinguish an onion from an apple. The taste- 
organs mostly lie in the papillae which roughen the upper 
surface of the tongue. There are four elementary kinds of 
taste, namely : salt, sweet, sour, and bitter. Other tastes are 
combinations of these. Each elementary taste has different 
end-organs. Thus, we taste sweet things best with the tip 
of the tongue, bitter with the back. 

The end-organs of smell are a little patch of about one- 
quarter of a square inch of yellow epithelium at the top of 
the internal cavity of the nose. The corresponding area in 
a dog is ten or more square inches, in a large shark 24 square 
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feet. In man, smell is an unimportant, almost vestigial 
sense, but in the dog and many other animals it is the most 
important of all. So the dog's world is mainly a world of 
smells. But even in man it is the most delicate of the senses. 
We can smell mercaptan ^ at a dilution of i milligram in 
20,000,000 litres of air. As about i cubic centimetre at a 
time is in the olfactory part of the nose, this means that we 
are affected by one twenty-thousand-millionth of a milli- 
gram, whereas the smallest object we can see with the naked 
eye is about a million times as large. In ordinary breathing 
most of the air goes past the olfactory cavity. In sniffing, 
some is sucked into it. No satisfactory classification of smells 
has yet been made. 

' A product of decaying flesh. 
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THE NERVOUS SYSTEM {contd.) 

THE external ear, which is only found in mammals, is 
of little use to man, though some beasts can turn it so as to 
collect sound. In the internal ear, which lies in the thickness 
of the skull- wall, are the organs of hearing and balancing. 
The ear-drum (fig. 43) lies across a passage leading from 
the outside to the throat, and corresponding to the first gill- 
slit of a fish. The inner two-thirds of this passage are called 
the Eustachian tube, and serve to equalize the pressure on 
the two sides of the drum. If it is blocked by a cold the 
pressure becomes unequal, the drum is too much stretched 
to vibrate properly, and deafness results. The internal ear 
lies in a long ‘ labyrinth \ The organ of hearing consists 
of a tube called the cochlea, coiled like a snail’s shell ; that of 
balance consists of three ‘ semicircular canals ’ and two smaller 
cavities, all communicating and filled with fluid. They are 
surrounded by further fluid which separates them from the 
skull (see fig. 8). 

The drum is set in motion, like the diaphragm of a tele- 
phone receiver, by sound-waves in the air. It transmits this 
motion through a chain of three small bones to a membrane 
covering a tiny oval window in the bony labyrinth. The bones 
serve to concentrate the energy from the drum on to the 
window, which is one- thirtieth of its area. This is necessary 
if air- movements are to be transmitted to a watery fluid, 
which, being denser, is harder to move. When the oval 
window is pushed in another membranous window (fig. 43) 
bulges out, and it is clear 4 :hat the sound-waves in the fluid 
must travel between them. The only path lies through the 
hearing organ in the cochlea. This includes a series of about 
10,000 fibres (not nervous) of varying length and probably 
of varying tension, stretched across the tube of the cochlea, 

4582.4 K 
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and joined by a fine membrane. Several fibres from the 
auditory nerve end in receptor organs on each of them. It 
seems that each will vibrate to one note only, like a wire in 
a piano. If we play a chord loudly near a piano, the wires 
corresponding to the notes start vibrating. Similarly in the 
cochlea each fibre responds to one note and excites the 
corresponding fibres in the nerve. Very pure musical notes 
only excite few fibres, but generally they are accompanied 
by overtones which give them their timbre, and excite the 
cochlea in several places. In ordinary noises and the vowels 
of speech the mixture of tones is still more complicated. 
Thus every sound is translated into a series of impulses 
travelling to the brain along a certain number of fibres of 
the auditory nerve, and we judge of the quality and intensity 
of the sound according to which fibres are excited, and how 
frequently. Its direction is judged mainly by the different 
intensities with which the two ears are excited. 

The balancing organ consists of two parts. Two of its 
cavities contain tiny lumps of calcium carbonate called 
otoliths,^ which are supported by ‘ hair-cells ’ in which nerve- 
fibres end. According to the fibres excited at any moment 
by the otolith pressing on the corresponding hair-cells we 
judge what objects are vertical, though here we are helped 
by our other senses. If we lean our head the otoliths roll 
on to a new set of hair-cells, a new group of fibres is excited, 
and we alter our opinion as to what line in our head is vertical. 
The reflexes excited by these organs are more important 
than the sensations. If an acceleration of our body, as on 
a swing or merry-go-round, moves the otoliths from the 
bottom of their cavities, we get a false idea of what is vertical, 
but we perform the right reflexes, and lean so as not to fall. 
The otoliths in fact behave like plumb-lines in our heads. 
Even such simple animals as jelly-fish have otolith organs to 

^ Statoliths, or concretions concerned with balance, would be more cor- 
rect ; but the term otoliths is still generally used in human physiology. 
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enable them to swim the right way up, and they are generally 
found in animals which have to balance. Some shrimps put 
particles of sand into these organs with their claws when they 
moult. If given iron filings they put these in instead. When 



Fig. 43. Diagram of the human ear. A, outer car ; B, middle ear ; C, 
inner ear. i, the ear-trumpet (pinna). 2, external ear-passage (meatus) running 
to 3, the ear-drum (tympanum). On the inner side of this is the middle ear, 
containing air, and communicating with the cavity of the mouth by the Eusta- 
chian tube, 7. It contains the three auditory ossicles, 4, 5, and 6, which transmit 
the vibrations of the drum to the membranous window, to the right of 6, in 
the wall of the inner ear. The inner ear is entirely embedded in bone. It 
contains a fluid, the perilymph ; this surrounds the ‘ membranous labyrinth 
8, 9, 10, a series of membranous organs containing another fluid, the endolymph. 
8, the utricle with the three semicircular canals arising from it ; the organ of 
balance. 9, the sacculus, leading to 10, the spiral cochlea, the organ of hearing. 
Above 1 1 is a second membranous window which is pushed outwards when the 
first window is pushed inwards, and vice versa. 

a magnet is now held over them, the filings press upwards, 
not downwards, and the shrimps swim upside down ! 

On each side one semicircular canal is horizontal, and the 
other two are in vertical planes at right angles. If we spin 
round, the fluid in one or more of them is left behind (like 
the water in a glass which we spin suddenly) and therefore 

K2 
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moves relatively to the head. In doing so it presses on 
microscopic ‘ hairs ' projecting from cells, and excites nerve- 
fibres running to the brain. After we have spun for some 
time the fluid moves with the head (as does the water in the 
glass), and goes on moving after the head has ceased to spin, 
giving the illusion that we are spinning the other way. In 
ordinary giddiness in a horizontal plane there are rapid reflex 
movements of the eyes which can easily be seen in others, 
and make things appear to spin round us. These reflexes are 
of great value in ordinary life as they keep the direction of 
our gaze fixed when we turn our heads quickly. We can 
become giddy in a vertical plane by turning round with the 
forehead or ear resting on a stick, and then raising the head. 
The violent reflexes of the limb and trunk muscles, which 
normally keep us from falling, now make us fall. In fish the 
hearing and balancing organs are a specialized part of a 
system of canals under the skin and opening by occasional 
pores, which enable the fish to appreciate movements of the 
water round it, and its own movements relative to the water. 

The eye is enclosed in a tough capsule, transparent in 
front only, and pierced behind by openings for nerves and 
blood-vessels. It can be turned by six muscles which run 
between its capsule and the skull. A section from front 
to back (fig. 44) passes through the following structures ; 
(i) the window or cornea ; (2) a chamber containing a watery 
fluid ; (3) the iris, a ring of muscle, with pigment to keep 
out light, which rcglilates the amount of light reaching the 
back of the eye ; (4) the lens, a horny body whose shape can 
be slightly altered ; (5) a chamber filling most of the eye 
and containing a transparent jelly ; (6) a fine membrane, the 
retina, which consists of several layers of nerve-cells, and is 
sensitive to light ; (7) a layer of cells containing dark pig- 
ment, which acts like the black lining of a camera, and pre- 
vents light which has once entered the retina from being 
reflected ; (8) the tough white coat which envelops most of 
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the eye, and helps, with the aid of the internal fluid pressure, 
to keep it to a definite shape. 

The general structure is like that of a camera with its 


X 
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Fig. 44. Diagram of a horizontal section through the right eye of 
A MAN. The lens and iris separate the anterior chamber (filled with aqueous 
humour) from the posterior chamber (filled with the jelly-like vitreous humour). 
The shape of the lens can be altered by the ciliary muscle pulling on the 
suspensory ligament. 


lens, diaphragm, and sensitive film ; and the cornea and 
lens have such refractive indexes and curvatures that the 
images of external objects can be accurately focused on the 
retina. The image is upside-down and right-side left. If 
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we shut the right eye, and press the outside of the left eye- 
ball through the eyelid, we see a dark spot with a bright 
border well out to the right or against the nose, which appears 
to move up as we move the pressing-point downwards. We 
are stimulating the part of the retina used for looking out 
to the right. 

The focus of the eye is altered in birds and cold-blooded 
vertebrates by moving the lens bodily backwards and for- 
wards as in a camera. In man and other mammals, however, 
the lens is fixed, but its shape can be altered. When we wish 
to look at an object near to us a circular muscle round the lens 
contracts, and it becomes more nearly spherical. The rays 
of light are therefore more bent in passing through it, and 
brought to a focus on the retina. If this muscle is not con- 
tracted they come to a focus behind the retina, and we see 
indistinctly. When we look at distant objects the directions 
of gaze of the two eyes are parallel, but when we look at 
a near one they have to be converged by the muscles which 
move the eyeball from outside, or we see double. The im- 
pulses coming to the brain from the eye-muscles help us to 
judge distance accurately. This is why it is very hard to hit 
a near object accurately from the side with one eye shut, 
as any one can easily prove for himself. 

If the focusing of the eye goes wrong it can often be 
corrected by spectacles. When the eye is too long the rays 
from distant objects converge in front of the retina, and we 
are near-sighted. This is corrected by using concave lenses. 
If the eye is too short the rays from near objects converge 
behind the retina, and long sight results, necessitating the 
use of convex lenses for reading and fine work. If the cornea 
is more curved in one direction than another, like the bowl 
of a spoon, we cannot focus two perpendicular intersecting 
lines at the same time. This condition, which is called 
astigmatism, can be remedied by using lenses one side of 
which is a segment of a cylinder. 
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The iris contracts if strong light is flashed on to the eye, 
and expands in the dark, thus shielding the retina from too 
sudden changes. The microscopic receptor organs in the 
retina are called the rods and cones, from their shape. The 
rods are used for seeing in the dark, and do not distinguish 
between colours ; the cones for vision in daylight. The 
diameter of a cone is about 2*5 />6, or 1/400 of a milli- 
metre, so that there are over fifty million in each retina. We 
cannot distinguish two objects if their images fall on the 
same cone, as happens if the angle subtended by them at the 
eye is much less than a minute (the angle subtended by a 
halfpenny at 100 yards), however good our focusing may 
be. There is one spot on each retina, called the yellow spot, 
on which we focus the object at which we are looking. Vision 
is most accurate here in light (but not in darkness), and 
becomes dimmer as we pass away from it, until with the 
edge of our retina we cannot tell the form or colour of things, 
though we can see if they are moving. On one side of the 
yellow spot the nerves and the blood-vessels enter the eye- 
ball and there are no rods or cones, so vision is absent here, 
since the optic nerve is no more sensitive to light than any 
other nerve. The existence of this blind spot can be demon- 
strated by putting two small objects such as halfpence on 
the table at a distance of about six inches and equidistant 
from the body. On shutting the left eye and looking fixedly 
at the left-hand object, meanwhile gradually approaching 
the head from a distance of a yard or so, the right-hand one 
will disappear when about two feet away. This fact inter- 
ested Charles the Second, who used to amuse himself with 
it until he grew so expert that he could ‘ take off ’ the heads 
of his courtiers. 

The retina contains two layers of nerve-cells besides the 
rods and cones, and many fibres, the last relay of which runs 
into the brain as the optic nerve. Compared with the ear, 
the eye is much better at judging the direction of the waves 



136 The Nervous System 

which stimulate it, but is sensitive to a much smaller range 
of wave-lengths. The longest wave-length that we can see 
in the red is about 0 0008 mm. (o-8ft), the shortest in the 
violet about 0 0004, so we can only perceive a single octave 
of the possible vibrations, the shorter invisible ones being 
ultra-violet and X-rays, the longer heat and ' wireless h On 
the other hand we can perceive sound-waves from 20 metres 
down to about a centimetre in length, a range of eleven 
octaves, seven of which are used in music. Moreover, the 
ear is better than the eye at analysing mixed vibrations. It 
is easy to analyse a chord into two or three notes, but we 
cannot tell without a spectroscope whether a given yellow 
is pure or due to a mixture of red and green light. 

Many animals have eyes working on quite a different 
principle from ours, namely, built of little units each looking 
out in one direction (fig. loi), just as each of our ‘ cones ’ 
receives light from one direction only. Hearing organs are 
found in a few insects, often in their legs or bellies, and are 
provided with drums and hair-cells similar to our own. 

We must now consider the brain (fig. 45). The human 
brain is built on the same plan as the frog’s (fig. 9), but one 
part of it (the cerebrum) has grown in man and related animals 
to be much larger than the rest. It is on this part that the 
main differences between the behaviour of a man and a frog 
depend. We shall first consider the lower parts of the brain, 
which are not so very different in the two species. As the 
spinal cord enters the head it expands into the medulla 
oblongata, in which there are nerve-centres governing the 
involuntary activities of the body. For example, if an 
animal’s head is cut off and the blood-vessels of the neck 
tied to prevent the loss of blood, it will not breathe, nor if 
we obstruct its aorta will the heart slow down. But if only 
that part of the brain above the medulla oblongata is de- 
stroyed, both these processes continue, though the breathing 
is clumsy. The medulla also regulates such functions as 




Fig. 45. Diagram of the human brain in situ. The cerebrum is in white, 
with the fissures as black lines. Behind and below it (coarsely shaded) is the 
cerebellum ; in front of this is part of the medulla oblongata. The cerebrum 
conceals all the other parts of the brain. The medulla is continued downward 
as the spinal cord. 

Motor areas, i. Toes. 2. Foot. 3. Calf. 4. Thigh. 5. Belly. 6. Chest. 
7. Back. 8. Shoulder. 9. Upper arm. 10. Forearni. ii. Wrist. 12. Fingers. 
13. Neck. 14. Eyelids, 15. Cheeks. 16. Jaws. 17. Lips. 19. Eyes. 20. Tongue. 

Sensory areas. On and in front of the above motor areas ; also; — 21. Hear- 
ing. 24. Vision. 18. Areas concerned in co-ordination of speech muscles in left- 
handed person. 22, 23. Areas concerned in speech and thought, particularly 
in left-handed person (see p. 143). (After Huxley and Herrick.) 
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digestive secretion, including salivation ; movements of the 
digestive organs, such as peristalsis and vomiting ; and a 
number of reflexes in the circulatory system to be described 
later. 

The involuntary muscles and glands concerned are con- 
trolled through the autonomic or involuntary nervous sys- 
tem. This consists of two parts, the sympathetic (Chap. I) 
and the parasympathetic. The latter system is composed 
of the vagus nerve which runs down the neck from the 
medulla, and supplies the chief involuntary organs from the 
thyroid gland down to the beginning of the large intestine ; 
a few small nerves to glands and involuntary muscles in the 
head ; and some nerves leaving the lower end of the spinal 
cord for such organs as the large intestine and urinary 
bladder. 

There are two fundamental diflFcrences between involuntary 
and voluntary motor-nerves. The latter run straight to their 
destination, the former end in a ganglion where each excites 
one or more nerve-cells from which fibres run on to the 
muscle or gland. Also a single nervous impulse down an 
involuntary nerve has no effect. Several are needed to excite 
the rather sluggish organs which they supply 1 Most viscera 
get fibres both from the sympathetic chain and the para- 
sympathetic system, and the two systems are generally 
antagonistic. Thus stimulation of the vagus slows down the 
heart, while the sympathetic speeds it up. The vagus makes 
the stomach and gut move and secrete their juices, while 
their sphincters such as the pylorus relax ; the sympathetic 
diminishes their movement, secretion, and blood-supply, 
and tightens their sphincters. In other words the one 
promotes, the other hinders digestive activities. During 
violent exercise impulses pass down from the brain to the 
heart and gut ; these set the heart beating faster and stronger, 
drive blood out of the vessels of the gut, and slow down the 
gut’s movements. The autonomic nerve-trunks also contain 
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afferent fibres, but not very many, as the brain does not need 
very detailed information about events in the viscera. 

Most of the nerve-fibre groups in the cord pass through 
the medulla, though some of the ascending ones end round 
neurones there whose axons pass on to higher parts of the 
brain ; so that the medulla acts as a relaying station for the 
impulses which they carry. In the medulla, too, most of 
the fibre-tracts to and from the higher part of the brain cross 
to the opposite side of the body. Hence the left side of the 
brain is concerned with nervous impulses to and from the 
right side of the body. The paths to and from the cerebellum, 
however, are mainly uncrossed. 

Above the medulla lies the mid-brain. This contains the 
nerve- cells whose axons form the motor-nerves to the eye- 
muscfes, but its most important functions seem to be in 
connexion with posture. If in an animal all the brain above 
the mid-brain is destroyed, it goes into a rigid state with the 
legs thrust out and the trunk stiff as in standing. Just as the 
spinal cord alone or along with the medulla will organize 
reflex muscular movements, so with the mid-brain in addi- 
tion reflex posture is possible. Thus a ‘ decerebrate ’ animal, 
i.e. one in which the cerebral hemispheres have been removed, 
though unconscious, can to some extent adjust its standing 
posture. If its head is bent down, it bends its forelegs, and 
so on. Similarly, if in a man the nervous pathways from the 
cerebrum are destroyed, certain groups of muscles cannot 
be moved voluntarily, but remain contracted in a state called 
spastic paralysis so long as the brain-stem is acting on them, 
whereas if the injury to the nerve-paths is lower down the 
same muscles are equally paralysed, but flabby. 

Behind this part of the brain is the cerebellum, an organ 
with several layers of nerve-cells on its outside, and a few 
large groups of cells inside, all connected up by numerous 
nerve-fibres which run between them and to other parts of 
the brain. When it is damaged there is no loss of sensation 



140 The Nervous System 

or power of thinking, but there is a loss of muscular tone, 
and a great deal of jerkiness and inco-ordination of movement. 
It bears the same relation to the proprioceptive system as 
the cerebrum to the exteroceptive. All the impulses from 
museles, tendons, joints, and labyrinth are co-ordinated 
there so that in a movement or posture the right muscles 
may be contracted to the right extent at the right moment. 
The rest of the brain without it is like a general who gets 
inadequate reports of the movements of his own troops. If 
a man with cerebellar disease tries to grasp an object, he 
moves his hand in a series of jerks and grasps in the wrong 
place. 

Above these organs is the cerebrum, which, in man, but 
not in other animals, is many times larger than the rest of 
the brain. The human cerebrum contains more than a 
thousand million nerve-cells each connected by fibres with 
scores or hundreds of others (fig. 46), so we can get some 
idea of its complexity by imagining a telephone exchange 
in which the whole human race were acting as operators. 
The main mass of nerve-cells lies on the outside, and this 
‘ grey matter ’ is folded to increase its area. In the middle, 
at the top of the brain-stem, are two masses of nerve-cells 
called the optic thalami, into which run the optic nerves and 
also fibres from below which carry up impulses from all the 
other sensory nerves on the opposite side of the body. A 
child born without cerebral cortex but with thalamus lived 
for three years without showing as much signs of conscious- 
ness as a normal baby a few days old. On the other hand 
a dog without cerebral cortex can walk about, though it runs 
into obstacles ; but it shows no signs of recognizing anything, 
and food has to be placed in its mouth before it will eat. 
Judging from cases of disease in man, a dim kind of con- 
sciousness seems to be associated with the thalamus. When 
all the paths leading upward from it on one side are destroyed, 
the sensations on the opposite side of the body are abnormal. 
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Fig. 46. Microscopical section of part of the human cerebral cortex 
(from an infant), to show the nerve-cells and their inter-connecting processes 
(in black). 1-7, cell-layers with different characters. 
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Light touch is not felt, but a slight scratch is felt as a horrible 
pain which cannot be localized, and the touch of a warm 
bottle as a huge pleasure. The more complicated senses, 
such as vision, are not represented in the thalamus, though 
it acts as a relay for visual impulses. 

Different parts of the cerebral cortex have very different 
functions, and about half of it has been properly mapped 
out as regards its function (fig. 45). Gentle stimulation of 
certain areas gives rise to movement, generally of muscles on 
the opposite side. This is always fairly well co-ordinated, 
i.e. a number of muscles work together, as is the case in 
voluntary action. The size of the area devoted to a group of 
muscles depends on the complexity and delicacy of the move- 
ments required of them. Thus the tongue has a cerebral area 
as large as the whole trunk, and the eye-muscles an area 
about a third as large as all the other muscles put together. 
When a motor area is irritated, as by a splinter of bone or a 
small tumour, a special type of epileptic fit results, in which 
the involuntary muscular movements begin in the muscles 
governed by the irritated area. A knov;ledge of cerebral 
localization renders a surgical cure of fits of this kind possible. 
When part of the motor area is destroyed the corresponding 
muscles are paralysed, though later on other areas may 
partially take its place, and some voluntary control return. 
In front of some parts of the main motor area, especially 
on the left side, is a region whose injury in man causes, not 
paralysis, but a failure of the more complex movements, such 
as those involved in speaking and skilled manual operations. 
Finally, we must remember that when we are ‘ doing nothing ’ 
the cortex is all the time inhibiting the postural centres in 
the brain-stem from producing rigidity, so that a voluntary 
movement may sometimes merely be a stopping of this 
inhibition. 

The main motor area and the region just behind it con- 
stitute the sensory area for all the senses except the special 
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senses of sight, hearing, taste, and smell. It is gradually 
being mapped out, and war injuries gave us a great deal of 
information. The sensory area for each part of the body 
includes the corresponding motor area and an area behind it. 
The hands have a very large proportion of the whole. 

If the brain is injured a little behind the sensory area, the 
sensations are still felt but cannot be put together. For 
example, a man can state just what part of his hand is being 
touched, and whether any finger is bent or not, but he 
cannot say what sort of object he is holding in his hand. 
This part of the brain is therefore concerned in putting 
sensations together and interpreting them. 

The optic nerves join before reaching the brain, and half 
of each crosses over, so the left side of the brain gets fibres 
from the left side of each retina, both of which look out on 
the right. So if the left visual area is destroyed a man can 
see nothing to his right with either eye. Similarly the differ- 
ent parts of the field of vision are represented on the visual 
area. If the visual areas of the brain are destroyed a man is 
quite blind, but may retain a good deal of visual memory ; 
but if the neighbouring areas are destroyed, this too is lost. 

In thought and speech a great many parts of the brain 
are employed at once. Thus to understand fully the meaning 
of the word apple we require memories of sight, hearing, 
smell, taste, and touch, and the power of co-ordinating them. 
Some parts of the cortex are supplied entirely with fibres 
from other parts and clearly serve as centres for association 
and co-ordination. We are gradually finding out the func- 
tions of these parts by studying the effects of wounds and 
the degenerative changes found in the brains of the insane. 
In right-handed people the left cerebral hemisphere gener- 
ally contains the main speech-centres (and vice versa) ; in- 
jury of a large area of this will cause failures in speech, and in 
the thought behind it. According to the part injured there 
may be a mere slurring of words with apparently fairly 
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clear thought, an inability to remember the names of things, 
or a failure to construct sentences and to think out problems. 
But the co-ordination of the brain-cells is less understood 
than that of other organs, to which question we shall turn 
in the next chapter. We can only emphasize the very im- 
portant part played by inhibition, that is to say, the checking 
by one part of the brain of the activities of another part. 
In the spinal cord one reflex can inhibit another. For 
example, in a decapitated animal a stimulus, which would 
be painful to an animal with a head, at once inhibits reflex 
scratching movements. Voluntary attention means an inhibi- 
tion of all our mental activities but one, and resistance to 
temptation is an inhibition of our more primitive activities, 
such as eating or losing our temper. 

Many pathways are known for nervous impulses from the 
brain down the cord to the motor-cells in its grey matter 
whose axons form motor-nerves. One leads from the motor 
areas of the cerebral cortex to the opposite side of the cord , and 
is concerned in voluntary movements. Others descend from 
the mid-brain, which is under the influence of the cerebellum, 
to the opposite side of the cord, and are mainly concerned 
with posture and muscular tone. Another leads from the 
medulla, and is concerned with rapid reflexes to stimulation 
of the labyrinth, i.e. to keeping one's balance. 



VII 

ORGANIC REGULATION 

THE nervous system serves to co-ordinate the activities 
of the different organs to some extent, but it is not in itself 
essential for the life of the tissues. A leg will live for years 
without nerves, but only for an hour or less without blood 
or some artificial substitute for blood. The cells in a higher 
animal are like skilled workmen, very efficient at their own 
job, but not at other jobs. Thus a single cell in Hydra may 
serve for protection, be sensitive to external stimuli, contract 
when stimulated, pass on excitation to its neighbours, and 
perhaps secrete mucus, but in none of these ways will it 
act as efficiently as the various cells of a mammal, each 
of which performs one of these special functions. 

The latter are enabled to specialize largely because they 
have a nearly constant environment, constant in chemical 
composition and temperature, and do not spend any energy 
in adapting themselves to change in it. This environment is 
supplied by the fluid part of the blood. In this and the next 
chapter we shall consider some of the factors in the internal 
environment, and how they are kept steady or adapted to 
new conditions. Most of the general symptoms of disease 
are due to upsets of the internal environment. 

Each organ must have food, oxygen, and a means of getting 
rid of waste products. But this is not all. It must have them 
in the right amounts. Too much oxygen is just as deadly 
as too little. And it must also have in the right amounts 
other substances which it does not use for work or repair. An 
animal dies if we halve or double the amount of potassium 
salts in its plasma, though it does not turn potassium salts 
into anything else. So these too have to be kept steady. 
Further, an organ may need different amounts of a given 
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substance at different times. If a muscle suddenly starts 
work, its Og-consumption and COg-production increase 
about fifty times. It was already using most of the oxygen 
in the blood which passed through it, so it must increase its 
blood-supply correspondingly. When it is at rest about five 
out of every six of its capillaries are shut. When it begins 
to contract these at once open and the others open wider. 
The small arteries also open wider. In a resting muscle they 
are kept almost shut by the slight alkalinity of the blood, and 
also probably by the presence of oxygen. Now if we cut 
the leg off a recently killed frog and run fluid through the 
blood-vessels, they will open up if this fluid is not sufficiently 
alkaline, or is short of oxygen. Just the same thing happens 
when a muscle contracts or a gland begins to secrete. The 
Og flows from the blood and COg is poured into it, making 
it acid ; the blood-vessels relax and widen, and the organ 
obtains an adequate flow of blood. Other products of activity 
besides COg probably co-operate in producing this effect. 

But when any large organ opens up its vessels the arterial 
pressure would fall unless the heart pumped harder. The 
other organs would then go short of blood. We must there- 
fore study the working of the heart. Like other involuntary 
muscles, it will work without any nervous control. If we 
take the heart out of a recently dead animal or man, and 
supply it with warm blood or an appropriate salt solution 
containing oxygen, it begins to beat again and may go on for 
many hours. Even an isolated piece of it will beat. In a 
mammal the beat starts at the entrance of the great veins to 
the right auricle in a special piece of tissue known as the 
‘ pacemaker which does not contract but stimulates the 
neighbouring muscle. If we warm the pacemaker, the whole 
heart beats faster ; if we destroy it, the heart first stops, then 
begins to beat at a slower pace of its own. The auricles con- 
tract almost instantaneously when stimulated by the pace- 
maker, but they are only connected with the ventricles by 
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a narrow bridge of conducting tissue in which the wave of 
excitation is delayed for about one-tenth of a second, and 
then passed on almost simultaneously to all parts of the 
ventricles. If the bridge is damaged, as in some forms of 
heart-disease, the ventricle may only respond to every 
second or third beat of the auricles. If it is destroyed they 
beat at their own rather slow rate, and cannot be speeded up. 

Now if we take an isolated heart, or a heart whose nerves 
have been cut, and give it an increased supply of blood, it 
can increase its output per beat but will not increase its rate 
at all. 

The rate is governed by two pairs of nerves. Of these, 
the vagi are one ; if they are stimulated the heart slows 
down ; if they are cut it speeds up, showing that they are 
normally acting as a brake on it, mainly through the pace- 
maker. The other pair, called the accelerators, come through 
sympathetic ganglia from the spinal cord. Stimulation of 
them speeds up the heart. Both pairs are governed by the 
same centres in the medulla oblongata. 

If the blood-supply to the heart is increased, the great 
veins and auricles are distended, and receptor organs in their 
walls send impulses up to the brain which result in the vagus 
brake being slackened by a reflex action ; and if the stimulus 
is sufficient, the accelerators are set to work. Hence, when 
more blood reaches the heart from the open vessels of an 
active muscle, it increases its rate and force. 

Another set of reflexes keep the arterial pressure steady. 
A pair of nerves called the depressors run from receptor 
organs in the aorta to the medulla oblongata, which they enter 
with the vagus. If the aorta be distended by an abnormally 
high blood-pressure, impulses run up them to the medulla. 
The reflex response to this is a slowing of the heart by the 
vagus and an opening of small arteries. The opposite occurs 
if the aortic pressure falls. There is also a pressure-gauge in 
the brain itself. If pressure is put on the brain from outside, 
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for example, by a clot of blood under the skull, its vessels 
will collapse, and the brain will force the heart to raise the 
arterial pressure till they open up again. In this way the 
arterial blood-pressure is kept steady, so that any organ can 
obtain the blood-supply it needs by opening up its blood- 
vessels. 

But the brain does not allow an indiscriminate competition 
between different organs for blood-supply. The arteries as 
well as the heart are under nervous control. A series of 
nerves called vasoconstrictors run in the sympathetic system 
to the smooth muscle of the arterial walls. The vaso- 
constrictors come into play in circumstances which affect 
the body as a whole, such as change of posture, or violent 
exercise. When a man gets up after lying down the blood 
tends to flow into his belly and legs, and this is prevented 
by the contraction of the arteries of these parts, under im- 
pulses from the vasomotor centre, which lies near the heart- 
regulating centre in the brain. If he has been in bed some 
days the vasomotor centre is out of practice and his brain 
runs short of blood, so that he becomes dizzy and may faint. 

If there is a great deal of blood in the guts and skin, as 
when we are sitting before the fire after a heavy meal, this 
may even happen on getting out of a chair. Again, during 
muscular exertion the arteries to the guts contract, and 
digestion has to stop. 

The vasoconstrictor nerves are also excited by chemical 
stimuli to the brain. If we are throttled or breathe very 
impure air, the COg of the blood goes up and the down. 
The vasomotor centre then narrows down all arteries except 
those to the heart, lungs, and brain, and the blood-pressure 
rises. These three essential organs must have an adequate 
supply of oxygen, whatever else goes short. The other 
organs, if left to themselves, would open up their vessels, but 
in a general emergency they are not allowed to do so. The 
heart is also speeded up. 
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There are also vasodilator nerves. For example, when 
a dog gets hot the vessels in its tongue are opened up by a 



Fig. 47. Diagram of a microscopical section through the human skin. 
The ectodermal part or epidermis consists of undifferentiated, actively dividing 
cells below {Ein), which gradually become changed into horny plates {Ec). It 
also gives rise to tubular invaginations, the sweat-glands, one of which is seen 
at gly with its duct (d). The mesodermal part or dermis consists of connective 
tissue (Dc) with blood-vessels {v) and nerves (n), some of the latter leading from 
touch-organs {t. c). It also contains fat-cells (/). No hairs or sebaceous glands 
are shown in the section. (Huxley, Lessons in Elementary Physiology, 1915.) 


Special nerve. Moreover, many of the nerve-fibres whose 
stimulation causes pain send branches to the local blood- 
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vessels. When a pain-spot is stimulated, impulses run up 
to the spinal cord. They also run directly to the local vessels, 
which open up, causing reddening of the skin ; this is almost 
the only reflex in higher animals of which the nervous path 
is entirely outside the central nervous system. 

The above are cases where an organ gets blood which is 
not to be used mainly as a gas-carrier. The same occurs in 
an actively secreting gland. A salivary gland when active uses 
three times as much oxygen as when at rest. But it also needs 
a great deal of water to make saliva, and it is as a source of 
water rather than of oxygen that it needs blood. Its blood- 
supply must go up five times, and as the ordinary chemical 
call for blood is not effective, a vasodilator nerve is used. As 
the blood-supply goes up more than the oxygen- consumption, 
the venous blood of the active gland is actually redder than 
usual. 

A much more important case of non-respiratory blood- 
supply is the skin’s (fig. 47). The human skin excretes energy 
just as the kidneys excrete matter. All the heat produced in the 
body has to get out, and seldom does more than a fifth of it 
get out in the breath. The remainder goes through the skin, 
and its loss is regulated in such a way as to keep the tempera- 
ture of the body very constant. If we go into a hot room the 
same amount of heat has to be lost in a given time, but it 
is obviously harder to get rid of it. If we work hard and 
produce more heat in our bodies, more heat has to be lost 
in a given time, though the loss of a given amount is no 
harder. In each case the skin responds in the same way. Its 
small arteries open up and it gets red and warm. Heat is 
thus brought from the inside to the surface in large amounts 
and rapidly lost, as from the radiator of a motor vehicle. If 
this means of losing heat is insufficient, we begin to sweat. 
The sweat comes from microscopic glands under nervous 
control. It consists of water containing less salt than the 
plasma. When this evaporates the skin is greatly cooled, for 
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water has a big latent heat of evaporation. Sweat that does 
not evaporate does not cool us, and it cannot evaporate if the 
air is already saturated with water-vapour. So sweating is 
useless in a hot and damp atmosphere, which is therefore 
far more oppressive than a dry one of the same temperature. 
The ordinary thermometer does not tell us whether we shall 
be able to lose heat or not. For this purpose we use a ‘ wet- 
bulb ’ thermometer. The bulb is wrapped in a wet cloth, 
so that the drier the air is, the more heat it can lose by 
evaporation. It is therefore in the same position as a man 
whose clothes are soaked with sweat. If the air is saturated 
with water the wet- and dry-bulb thermometers have the 
same reading, if the air is dry the wet-bulb thermometer may 
read more than 100^ F. lower. 

Men can stand dry heat far above boiling-point, staying 
in a room where a steak is cooked in five minutes, and only 
coming out when their hair begins to singe. But a wet-bulb 
temperature above 90^ F. is fatal, and above one of 75° F. 
the capacity for work is lowered. We get an idea of the 
efficiency of sweating by considering a man in fairly dry 
air at body-temperature (98*5^ F.). He can lose no heat by 
conduction or convection, so it must all be used in evaporat- 
ing water. He has to lose 3,000 kilocalories per day. But 
the evaporation of i litre of water at body-temperature 
requires 570 kilocalories, so in a day he must sweat 5 3 litres, 
or 9*3 pints. Actually many men can sweat i litre per hour, 
and the world’s sweating record is held by an English coal- 
miner who lost 18 pounds (i-8 gallons, or 8 litres) in 5^^ hours. 

To make up for the loss of sweat one must drink more 
water and eat more sodium chloride than usual. Miners 
working in great heat are therefore fonder than the average 
man of bacon, kippers, and salt. Many animals, such as 
dogs, have very few sweat-glands, but produce a very thin 
saliva which they evaporate by rapid shallow breathing, 
panting with open mouth and tongue hanging out. 
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Several parts of the brain are concerned in heat regulation. 
They receive 'nervous impulses from the skin, and also from 
local organs in the brain which measure the temperature of 
the blood like thermometers. Thus, if certain parts of an 
animal’s brain, or the blood going to them, are heated, the 
animal begins to flush and sweat, and the rest of its body is 
cooled down. If the brain is cooled the animal shivers and 
its temperature rises. 

During adaptation to heat we cannot cut down our heat- 
production except by keeping still, but when cold, besides 
shutting down the skin-vessels, we first tighten up our 
muscles, then shiver, and finally take exercise. In all these 
ways more heat is produced. In many diseases the tempera- 
ture rises. This is not due to increased heat-production, but 
to diminished heat-loss owing to perverted function of the 
temperature centres. A man whose temperature is thus 
rising feels very cold until it has reached the new level to 
which he is regulating. He shivers and complains of the 
draught, to which he may put down his illness. If his 
temperature falls quickly he sweats profusely and feels very 
hot. 

Mammals and birds have a nearly constant temperature, 
but other animals have a variable temperature, a fraction of 
a degree above their surroundings. If we warm a ‘ cold- 
blooded ’ animal through about 5°C. we double its rate of 
oxygen-consumption, and all its other activities. For example, 
it is possible to read the temperature within i° F. by measur- 
ing the distance walked by an ant in a minute ! Cold- 
blooded animals cannot move quickly in winter, and mostly 
die or rest in holes. The activities of mammals and birds 
are not slowed down, so they are the dominant animals in 
temperate and cold climates. But in hot countries, snakes, 
crocodiles, and so on, are able to compete successfully with 
warm-blooded animals. A few mammals, such as hedge- 
hogs and dormice, compromise by sleeping through the 
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winter at a low temperature (and therefore a low rate of 
oxidation), but they never let their temperature fall to that 
of their surroundings. 

We must now turn to chemical regulation of the composi- 
tion of the blood and tissues. It will be convenient to begin 
with the gases, the quantity of which in the blood is regulated 
by breathing. 

The obvious duties of the lungs are to get rid of CO^ and 
let in Og, and if we go into a room containing say 6 per cent, 
of CO2 instead of the normal 0 03 per cent., or 10 per cent, 
of Og instead of the normal 20 9 per cent., the breathing 
increases greatly. However, a small drop in the of the 
air breathed has no visible effect on the breathing, because 
the haemoglobin is already almost saturated with oxygen at 
a pressure less than that in the lungs. So want of Og cannot 
be what normally keeps the breathing going. To find out 
how the breathing is regulated we must take the samples of 
air from the very bottom of the lungs, where it is in equili- 
brium with the blood. This, which is called the alveolar air, 
can be obtained at the end of a deep breath out. The amount 
of carbon dioxide in it is very constant, about 5I per cent., 
whereas the amount of oxygen varies a good deal. If the 
amount of carbon dioxide increases by only 3 per cent, of 
its normal value, the breathing is doubled ; if it falls by the 
same amount, as after voluntary over-breathing, the breath- 
ing stops. The main reason why we breathe more during 
moderate muscular exercise is because more carbon dioxide 
is being produced, and this stimulates the respiratory centres 
in the brain to make the breathing muscles do more work. 
Thus the lungs have the function of keeping the CO^- 
pressure in the tissues at the normal level, not merely of 
excreting it. 

Carbonic acid seems merely to act on the respiratory 
centre in virtue of its being an acid. If another acid, such 
as hydrochloric, is injected or drunk, the breathing is greatly 
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increased, while it slows down when an alkaline substance 
such as sodium hydrogen carbonate is taken. The most 
familiar case, however, is that of very violent exercise. When 
the muscles are working so fast that they cannot get enough 
oxygen for their recovery process, lactic acid accumulates in 
them and leaks out into the blood, from which it is only 
gradually removed. So after running a quarter-mile the 
extra carbon dioxide is got rid of in the few minutes of 
violent panting which succeed the race, but a small increase 
of the breathing, due to lactic acid, may persist for half an 
hour or so. During this time the alveolar carbon dioxide 
pressure is kept below normal by the extra breathing, thus 
compensating for the acidity which would otherwise be 
produced by the lactic acid. 

Serious oxygen-want also excites the respiratory centre. 
If one goes into air containing only about half the normal 
20*9 per cent, of Og, one at once begins to pant, but after 
a while the panting dies down, because a lot of COg has been 
blown out of the body by the increased breathing, and the 
respiratory centres have no more reason to discharge nervous 
impulses than before, their normal stimulus, COg, being 
reduced in quantity. So a man who has gone into bad air 
at first pants enough to keep his blood supplied with oxygen. 
Then the breathing becomes normal, and he falls uncon- 
scious with oxygen-want. A candle is often a much better 
measure of oxygen-want than one’s own feelings. 

Another way in which the breathing is alfected is by the 
process of digestive secretion. When the stomach secretes 
hydrochloric acid the |;)lood would be too alkaline if carbonic 
acid were not kept back to take its place, so the breathing 
is slightly slowed down. Later on, the pancreas and intestine 
begin to remove alkali from the blood for their secretions, 
and to prevent it getting tgo acid the breathing has to be 
increased. These changes are too small to observe directly, 
but can easily be measured. We can get some idea of why 
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the alkalinity of the tissues has to be regulated so carefully 
by experinrienting with tissue or enzymes taken from them. 
If we take a dead organ and preserve it carefully from 
bacteria it does not putrefy. But if it is kept at body-tempera- 
ture the tissues gradually soften and are found to be digesting 
themselves. This is due to enzymes in them. The dying 
tissues produce acids, and in a slightly acid medium these 
enzymes work very much more rapidly than in an alkaline 
or neutral one. 

Thus, to prevent an organ from digesting itself it must be 
kept slightly alkaline. The best known of these enzymes is 
that in the liver which breaks up its glycogen into sugar. 
A quite fresh liver, besides being very tough, does not taste 
sweet. If it is allowed to digest itself for a few days it not 
only becomes tender, but sweet. Some other enzymes act 
more rapidly in a medium more alkaline than the normal, 
so if the reaction of the tissues is altered the normal balance 
between the different chemical processes is upset, and death 
may occur. 

Just as the lungs regulate the amount of gases in the blood, 
the kidneys regulate the amount of the soluble bodies. The 
blood which passes through these organs is always altered so as 
to resemble an ‘ ideal ’ blood. Thus, if there is more water 
in the blood-plasma than in this ideal or standard plasma the 
kidney secretes an unusually watery urine, and the plasma 
of the blood in the renal vein therefore contains less water 
than the arterial blood, and resembles the standard plasma 
more closely. If, as is more usual, especially in hot weather, 
there is rather less water in the plasma than in the standard 
plasma, the kidney secretes a concentrated urine, so the 
blood leaving the kidney contains more water than that 
entering it. The substances found in blood and urine can 
be divided into two classes. The first class includes almost 
all foreign substances, for example, iodides, dyes, or foreign 
proteins injected into the blood. These are removed by the 
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kidneys, however little there is in the blood. It also includes 
some very important waste-products, such as urea, the 
substance which contains most of the nitrogen resulting from 
protein oxidation. The rate at which such substances are 
excreted is roughly proportional to the amount in a given 
volume of blood. The second class includes most of the 
normal constituents of plasma, such as sodium, potassium, 
calcium, magnesium, chloride, bicarbonate, phosphate, and 
sugar. These substances are only excreted if the quantity 
of one of them contained in a given volume of plasma 
exceeds a certain limit, called the ‘ threshold For example, 
the amount of chloride in the plasma is generally a few per 
cent, above the threshold, and there are, therefore, chlorides 
in normal urine. But if we drink a lot of water after violent 
sweating, the amount of chloride in the plasma falls below 
the threshold, and it disappears from the urine. Normal 
blood contains about 010 per cent, of glucose, a simple 
sugar. If a healthy man takes 100 grams of glucose the 
amount in the blood rises to about 013 per cent., but none 
appears in the urine. The threshold value for the kidney is 
about 017 per cent. If, therefore, the arrangements for 
storing sugar are out of order, as in diabetes, a dose of 100 
grams will make the blood-sugar rise above 017 per cent., 
and sugar will appear in the urine. 

Besides excreting substances found in the blood, the kidney 
makes a few substances. For example, sulphuric and phos- 
phoric acids are made throughout the body by the oxidation 
of the proteins. The kidney has to get rid of these, but its 
cells and those of the urinary passages are damaged by strong 
acids. It therefore excretes the sulphuric acid not as such, but 
as ammonium sulphate, which is neutral in reaction. But 
there is not enough ammonia in the blood to furnish all 
that is required for this purpose. Ammonia and ammonium 
salts are poisons when injected into the blood-stream, and 
the liver converts almost all the ammonia reaching it into 
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urea, which is nearly harmless. So the kidney has to make 
its own ammonia, and the more acids it has to excrete the 
more ammonia it makes. 

The kidney is doing work like a muscle, for work has to 
be done in concentrating substances, just as in compressing 
gases. For example, to concentrate the urea in a litre of 
blood into about 20 cubic centimetres of urine, as the kidney 
does every 20 minutes or so, requires at least as much work 
as to compress a litre of gas containing as many molecules 
as there are urea molecules in the blood, into 20 cubic 
centimetres. Actually the number of urea molecules in a 
litre of blood is the same as that in a litre of gas at a tenth 
of an atmosphere pressure, so the work needed is that 
required to compress this gas to a pressure of five atmo- 
spheres, i. e. 40 kilogrammetres. In order to do this work 
the kidney needs oxygen. Its oxygen- consumption can be 
measured by determining the rate at which blood flows 
through it and the amount of oxygen lost by this blood. 
As a matter of fact, the kidney uses a good deal more oxygen 
per gram per minute than the heart, and like the heart, will 
increase its oxygen-consumption three or four times if it is 
given work to do. 

But if we inject salt-solution of about the composition of 
plasma, the kidney needs no more oxygen, although the 
volume of urine secreted per minute is increased. This is 
because it has no work to do in concentrating the salt, but 
it merely acts like a filter. If on the other hand we inject 
urea or sodium sulphate, its oxygen-consumption increases, 
as these substances have to be concentrated. Other glands 
behave in a similar manner, requiring more oxygen when 
stimulated to do work. 
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WE saw that, among other things, the kidney was respon- 
sible for preventing the amount of various inorganic sub- 
stances in the plasma from rising above fixed values, while, 
as will be seen later, other organs serve to keep them up 
to those values. What would happen if the amounts of these 
bodies deviated from the normal ? Their importance is 
shown by the extraordinary fact that an organ such as the 
heart or liver can be kept alive for many hours in a solution 
of inorganic salts which are present in nearly the same pro- 
portions as in plasma. For mammalian organs such a 
solution is : 

NaCl, 0-8 per cent.; KCl, o*oe per cent.; CaClg, o*02 per cent.; 

MgClg, 0 01 per cent. ; NaHCOg, o*i per cent. 

This solution, whose composition was worked out by Ringer, 
must be saturated with oxygen, and a little glucose may be 
added as a source of energy. Now if we leave out the various 
constituents, or increase them above the standard amounts, 
we shall find out what functions they are performing. The 
salts do not permeate the cells, or only do so very slowly, 
but affect their surface properties. If the solution perfusing, 
say, a rabbit’s excised but still beating heart is diluted with 
water, the heart swells up and stops. It has become sodden 
with water as does the skin of the hands in a hot bath, for 
water runs into the cells and dilutes their contents. If we 
make the solution too strong the cells .shrivel up from loss 
of water. If we replace most of the sodium chloride by the 
corresponding number of molecules of cane-sugar the heart 
goes on beating. Clearly the main function of the sodiura 
chloride is to prevent the cells from taking up too much 
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water. If we leave out the potassium the heart goes into 
a state of cramp. Potassium is needed for its relaxation. 
If we leave out the calcium it stops in a flabby condition, 
and so on. A heart so stopped may be revived hours later 
by adding the missing salt. Other organs behave in the same 
way. .Thus, if there is too much or too little calcium in the 
fluid in its blood-vessels, the kidney refuses to hold back 
sugar when the amount of sugar in the fluid perfusing it is 
below the normal threshold value. 

We can also observe effects of the same kind on a man or 
animal, though here the nervous system is generally affected 
before the other organs. Thus, if a man drinks water for 
some hours more rapidly than his kidneys can get rid of it 
he gets cramps, and later convulsions. If he lowers the 
calcium to half its normal value he gets another type of 
cramps, and so on. 

One of the most remarkable things about the plasma salts 
is that they are nearly the same as those of sea-water diluted 
with water to about three times its volume. Such a solution 
would, however, among other things, contain too much 
magnesium and sulphate. Now the blood of marine inverte- 
brates is very like sea- water, while that of sea-fish is generally 
somewhere between that of invertebrates and that of land 
vertebrates, hlany people, therefore, think that land verte- 
brates are descended from fish which left the sea when it 
contained less salt than now, and that our blood-plasma has 
kept the composition of the sea-water to which the cells 
of our ancestors were accustomed. 

Besides the inorganic substances mentioned, the plasma 
contains phosphates, which are also kept, in by the kidney. 
They play a very important part in the formation of bone, 
which consists largely of calcium phosphate. There is an 
exceptionally large amount of phosphate in the plasma of 
growing children, and of adults who have broken a bone and 
are engaged in repairing it. If the amount of phosphate 
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or of calcium in a child’s plasma falls below normal it is 

unable to form bone properly, and develops rickets. 

Although an organ can be kept alive for many hours by 
inorganic substances, yet organic compounds are of course 
needed for its prolonged existence, and a heart will survive 
longer if, for example, a little sugar is added to its salt 
solution. As we saw, the blood contains about one part in 
a thousand of sugar, and this does not fall much in a starved 
man or animal. In this case glycogen is broken down by 
the liver to keep the sugar- level up, and after the glycogen is 
mainly used up, the organs then oxidize fat rather than sugar, 
and leave the blood-sugar about normal. In the same way 
the amount of amino-acids remains fairly steady, though of 
course there is a small temporary rise after a protein meal. 
The amount of fat varies somewhat more, and after a very 
heavy fat meal the plasma may be quite milky with micro- 
scopic fat-drops. 

The liver plays an important part in keeping the amounts 
of sugar and amino-acids steady. It stores extra sugar as 
glycogen, and removes the ammonia from excessive amino- 
acids. The residue of the amino-acid molecule left can be 
oxidized, and in some cases can be made into sugar if re- 
quired. But besides dealing with excess of normal blood- 
constituents it can destroy poisonous substances coming to 
it from the gut. These substances are generally the result of 
bacterial action there. The bacteria attack the proteins of our 
food, but have not enough oxygen to utilize them fully. They 
therefore excrete unoxidized fragments of proteins, just as 
the yeast-cell excretes ordinary alcohol made from sugar 
which it cannot burn. Among these excretory products are 
phenol (‘ carbolic acid ’), cresol,indol, and skatol. The last two 
are foul-smelling, and all are poisonous. They are absorbed 
from the gut, but on reaching the liver they are combined 
with sulphuric acid, apparently by an enzyme, to form quite 
harmless substances which are excreted by the kidney. If, 
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however, they enter the blood in very large amounts a pro- 
portion gets past the liver and the whole body appears to suffer. 
The liver acts in the same way with many other substances. 
It has more varied chemical functions than any other organ. 

Besides foodstuffs and various colloids with which we shall 
deal later, the plasma contains in exceedingly small amounts 
certain organic substances of great importance which are 
poured into it by special organs, including the ductless glands, 
such as the thyroid. Some of these substances, like adrenalin, 
are present in varying amounts and act as hormones or 
chemical messengers between different organs. Others seem 
to be present in fairly constant amounts, and are needed 
for the normal working of the body (see also pp. 190-2). 

Insulin is produced by certain microscopical ‘ islands ’ of 
tissue in the pancreas, and passes out of them into the blood- 
stream. If these islands of insulin-producing tissue are 
removed or diseased the tissues become more or less com- 
pletely unable either to oxidize or store the sugar of the 
blood. The amount present in the blood increases, especially 
after meals containing carbohydrates, and when it rises above 
the threshold value the kidney excretes it and it is wasted. 
What is even worse, the tissues begin to make sugar from 
proteins, and this too is excreted. So a man with severe 
disease of the parts of the pancreas which make insulin 
gradually wastes away. This condition is called diabetes. If 
he is still making some insulin we can often keep him alive 
on a meagre diet which he can just deal with, but in severe 
cases we have every day, or several times a day, to inject 
insulin made from the pancreas of animals. Unfortunately 
an overdose of insulin will depress the blood-sugar below 
normal, which may bring on convulsions and death. Insulin 
has not yet been obtained in a pure state, but we know that 
very little is needed, for less than one milligram per day of 
our strongest present preparation is needed even in severe 
diabetes. 
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The thyroid gland in the neck makes a substance called 
thyroxin, which has been obtained in a pure crystalline form 
and whose chemical structure is known. Absence or removal 
of the thyroid does not lead to immediate death, but to 
a condition called myxoedema in the adult mammal, creti- 
nism in the young. In this state the resting Og-consumption is 
only about 6o per cent, of the normal, and the adult patient 
becomes fat, sluggish, stupid, and bald ; while a child 
develops abnormally and is idiotic ; and a tadpole never 
metamorphoses into a frog. These conditions can be com- 
pletely cured by administering thyroxin or extracts of the 
gland. Fortunately thyroxin is not destroyed, like insulin, 
by digestive enzymes, so it can be given by the mouth (see 
figs- 55. 56 )- 

Thyroxin has such a powerful effect that only about a third 
of a milligram per day is needed to keep a thyroidless 
man normal, and this amount will cause the oxidation of a 
quarter of a million times its weight of glucose. The thyroid 
gland sometimes swells up and produces too much thyroxin. 
The resting Og-consumption then rises and may reach double 
the normal amount. In one hospital the patients in the ward 
reserved for hyperthyroidism eat twice as much as those in 
any other ward ! They become thin and nervous, and their 
eyes tend to protrude. They can generally be cured by 
cutting out the gland wholly or in part. 

Thyroxin is an organic substance including four iodine 
atoms in its molecule, so if there is not enough iodine in the 
food and drink it cannot be made in sufficient quantity. In 
many inland districts swelling of the thyroid is found along 
with a low or normal resting metabolism. This disappears 
when a few milligrams a week of an iodide are given. The 
gland which has been over-working in an attempt to make 
thyroxin with too little iodine rapidly recovers. The same 
simple remedy has made it possible to rear sheep in the 
American state of Michigan, where, owing to lack of iodine 
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in the soil and water, they were formerly unable to live. On 
the other hand, healthy people may make too much thyroxin 
if given excess amounts of iodides. 

Another gland with important internal secretions is the 
pituitary, which produces at least two different substances. 



Fio. 48 (from an old print). A giant and a dwarf. The giant was only 
17 years old, but 8 feet high. His condition must have been due to over- 
production of the secretion of the anterior part of the pituitary in youth, before 
the long bones had ended their growth in length. Note the disproportionate 
length of his limbs and extremities. The dwarf (only 2 ft. 4 in. high) is of 
a well-marked type with relatively large head. This seems to be hereditary, 
but we know little further concerning the mechanism by which the dwarfish 
condition is brought about. 

The posterior part produces a hormone, pituitrin, which 
affects smooth muscle. It seems to be needed for the normal 
function of the capillaries, which become relaxed and leaky 
in its absence, while the kidney produces large amounts of 
a watery urine. It also has a powerful effect on the womb, 
and is used to help it to contract during child-birth. The 
anterior part of the pituitary is concerned in regulating 
growth. When it is removed we get a dwarfish condition, and 
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when it is enlarged and secretes too much we get overgrowth. 
The precise effects depend on age. In a child, a long bone, 
such as the femur, consists of three parts, the shaft, and two 
bony pads at each end, called the epiphyses. Growth takes 
place not at the joints but at the soft cartilaginous junction 
between the shaft and the epiphyses. If the pituitary begins 
to over-secrete before the epiphyses have been joined by 
bone to the shafts, the patient becomes a giant ; if after- 
wards, he becomes a little taller, but the epiphyses, lower 
jaw, brows, and some other bones grow in thickness, and a 
condition called acromegaly results, characterized by large 
hands and feet and a peculiar facial expression. Clearly for 
normal health the pituitary, like other glands, must produce 
just the right quantity of its internal secretions (fig. 48). 

The adrenal glands, which lie just above the kidneys, also 
consist of two parts. The central part secretes adrenalin, a 
substance which produces the same general effects as stimu- 
lating the sympathetic nerves ; for example, a rise of blood- 
pressure, a slowing down of the movements of the gut, and 
a pouring of sugar into the blood. Adrenalin seems to be 
constantly entering the blood, but in larger quantities during 
emotion. The outer part (cortex) of the adrenals is necessary 
for life, and probably pours something into the blood, but 
we do not know what. The parathyroid glands, which lie 
in the neck in or near the thyroid, also produce an internal 
secretion which regulates the amount of calcium in the blood- 
plasma. The gonads also produce internal secretions, which 
control the appearance of the secondary sexual characters 
which distinguish the two sexes. For instance, they act on 
the nervous system, and cause the appearance of the instincts 
connected with sex. They also influence the growth of the 
skeleton and other structures, such as combs and spurs in 
fowl, horns in deer, and the larynx and beard in man. At 
the time of writing one of their internal secretions has been 
obtained in a fairly active condition, though not yet pure. 
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If we take a few living cells from an organ, and grow them 
under the best possible conditions, usually in plasma to 
which have been added extracts of embryonic tissue, they 
will continue to divide indefinitely if they are protected from 
bacteria. Cells from a chicken’s heart have grown in this 
way for over ten years, a few being transferred to fresh fluid 
every two or three days. It appears probable that they could 
be grown indefinitely in this way, so that in the body their 
death with the natural death of the fowl by old age must be 
due to causes outside themselves. Blood contains substances 
which encourage cellular growth, and others which check it. 
As an animal grows up the former decrease in quantity. One 
cell may produce a substance which stimulates another type 
of cell. Thus a healing wound is full of leucocytes, which 
crawl into it from the blood-vessels. As these die they liberate 
a stuff which causes another kind of cell, the fibroblast (which 
produces connective tissue), to grow and multiply, as can 
easily be shown on a tissue-culture. The fibroblasts in tissue 
near the wound therefore grow out into it, forming tough 
fibrous scar-t issue. 

Sometimes growth-regulation breaks down, and the cells 
of some part of the body grow too quickly, causing a tumour. 
This may be harmless, like a wart, but if the growing cells 
migrate into the surrounding tissues and finally to distant 
parts of the body, the growth, which is then called a malignant 
tumour, or cancer, is very deadly unless it is removed when 
still small. We do not yet know exactly “why cells become 
cancerous, though in some cases this condition is undoubtedly 
caused by chronic irritation, for instance, by tar in tar- 
workers, by certain parasitic worms in rats. 

One of the most important functions of the blood is to clot. 
If this does not happen, as in certain diseases, a man may 
bleed to death from a tiny scratch. Blood does not clot in the 
blood-vessels, even if they are removed from the body, and 
clots only very slowly in well-greased receptacles. But contact 
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with broken cells or with most foreign bodies leads to clotting ; 
in the latter case apparently because they cause certain of the 
formed elements in the blood to burst. At least four sub- 
stances are concerned in clotting. The clot is mostly made 
from fibrinogen, a protein dissolved in the plasma, but at 
least three other substances play a part, namely, calcium (lime 
salts), a protein called serozyme, and a waxy substance called 
cytozyme produced by the breaking-up of cells. It is still un- 
certain exactly how they interact, but interference with any of 
them will stop the blood from clotting. For example, a little 
sodium or potassium oxalate will precipitate all the calcium 
of blood as calcium oxalate, and thus keep the blood fluid. 

Of the other proteins in the plasma some are concerned 
in the defence of the body from infection, though it is 
possible that fat-like substances play a part too. Infectious 
diseases are caused by animals and plants, some of micro- 
scopic size, some, such as that which causes most common 
‘ colds too small to be seen with a microscope. One of the 
best known of the visible ones is the bacillus which causes 
diphtheria. It grows in the throat, which it may occasionally 
obstruct, and does not usually spread to other parts of the 
body, but liberates into the blood a poisonous protein which 
is particularly dangerous to the heart. If a man has had 
diphtheria this protein, called diphtheria toxin, is no longer 
poisonous to him, and what is more, if some of his blood is 
mixed with the toxin, it renders it harmless when injected 
into some one else. In practice one injects ground-up dead 
diphtheria bacilli into a horse so that it develops antitoxin 
without having had a sore throat. Its blood now contains 
antitoxin and will protect human beings against the toxin. 
We do not yet know the exact chemical nature of the toxin 
and antitoxin, but we know a great deal about them — for 
example, in what liquids they are soluble and at what 
temperatures destroyed. We also know that the antitoxin 
puts the toxin out of action by forming a rather loose 
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compound with it. Unfortunately, few bacteria kill us in the 
rather simple way employed by the diphtheria bacillus, so 
few diseases can be cured by antitoxins, although they are 
quite effective against snake-bite. 

Another type of immunity is that developed to typhoid 
bacilli. The serum of a man who has had typhoid, when 
added to a suspension of typhoid bacilli in water or salt 
solution, makes them stick together in little clumps and cease 
to move about. The same or similar substances increase the 
capacity of the white corpuscles for digesting the bacteria, 
while others will actually cause foreign cells to break up. 
These substances are mostly very specific, and a serum which 
is fatal to one race of bacteria will not always kill a very 
similar race which produces a disease of the same kifid, 
still less those which cause a different disease. Besides such 
‘ immune bodies ’ in the blood serum which can be trans- 
ferred from one man or animal to another and experimented 
with in tubes, the cells of organs can develop immunity 
which, of course, cannot be transferred, and as to whose 
nature rather little is known. 

In many diseases most of the symptoms are due to changes 
in the blood-composition, which affect organs remote from 
the one which has first been injured. For example, in heart- 
disease the first symptom is often faintness after exercise. 
This is because the damaged heart cannot pump blood fast 
enough through the lungs to absorb the oxygen needed by 
the body, so the brain does not get enough oxygen. Many 
of the symptoms of lung- diseases such as pneumonia are 
also due to oxygen-want. When the kidneys are diseased 
they cannot get rid of substances with their usual ease, and 
they also let the proteins of the plasma leak out into the urine. 
Some victims of kidney- disease get headaches, vomiting, and 
convulsions as the result of the accumulation in the blood 
of various poisonous substances which a healthy kidney can 
get rid of, others swell up and get dropsy because the kidney 



i68 The Internal Environment 

cannot get rid of water and salts. In most acute diseases 
the blood seems to contain poisonous bodies of unknown 
nature which upset the temperature-regulating centre, and 
so cause fever. 

Since bacteria and other living producers of disease were 
discovered we have been enabled to prevent many infectious 
diseases. For example, we prevent the spread of typhoid and 
cholera by seeing that their bacilli do not get into drink- 
ing-water. Malarial fever is spread by mosquitoes, which 
suck up from the blood the protozoa that cause it, become 
infected themselves, and infect the next man they bite by 
means of their saliva, the protozoa having multiplied and 
migrated into the salivary glands. Malaria can thus be 
prevented by killing off the mosquitoes. But, apart from 
surgery, rest, good diet, and nursing, we can often deal with 
disease by means of drugs. Among the most important 
drugs are antiseptics, which kill oflF bacteria in infected 
wounds or abscesses, and anaesthetics, which allow the sur- 
geon to remove diseased organs painlessly. Some drugs, such 
as Epsom Salts, act in the gut, but most of them have to be 
absorbed into the blood before they act. One group of drugs 
are valuable because they are more poisonous to parasites 
than to human beings. For example, a dose of quinine 
which will kill almost all the malarial parasites in the blood- 
stream only gives the patient a slight headache. But most 
drugs are valuable because they act on some special organ. 
For example, there is a form of heart-disease in which the 
auricles, instead of beating, twitch in an irregular way. The 
ventricles are constantly being excited by the auricles ; they 
therefore contract so often that they have no time to fill up 
between beats, and become fatigued. We give the patient 
digitalis, a drug which acts mainly on the heart, and in some 
way blocks the conduction of impulses from the auricles to 
the ventricles. The latter then begin to beat at a slow rhythm, 
but fill up properly between beats. 
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Again, in chloroform or ether anaesthesia there is a danger 
of the heart stopping, so we want to block the passage of 
inhibitory impulses from the brain down the vagus. For this 
purpose we inject a little atropine. This has the property of 
stopping the action of the parasympathetic but not of other 
parts of the nervous system. It not only hinders the action 
of the vagus on the heart, but also on the stomach, and this 
discourages vomiting. Many drugs act especially on the 
brain. Some affect those parts which are concerned in con- 
sciousness, and produce sleep or wakefulness as the case may 
be. Others affect specific centres, such as the heat-regulating 
or vomiting centres, and by a suitable use of them we can 
allay pain, fever, and other symptoms which involve the 
activity of the brain. It is, however, certain that many more 
chemical weapons in the war against disease remain to be 
discovered. 

To sum up, not only the normal activities of the body, but 
even its normal shape, depend on the simultaneous normal 
activities of its various parts. They influence one another 
partly through the nervous system and partly by mechanical 
means, as when a bone grows in response to the pull of a 
muscle, but very largely by chemical factors. The chemical 
side of the relationship between the hundred million million 
or so cells that make up your or my body is sufficiently com- 
plicated, but it is simple compared to the chemistry of the 
reactions between the hundred million million molecules that 
make up a cell of average size. The study of those reactions is 
the main task of biochemistry. Suffice it to say that we have 
begun to isolate many of the intermediate products of meta- 
bolism and the catalysts that govern the course of the reac- 
tions by which they are formed. But the life of every 
individual cell is in its way as complex as that of the whole 
body, in the description of which we have taken the individual 
cells for granted. 



IX 


SOME POINTS IN THE 
PHYSIOLOGY OF DEVELOPMENT 

IN the last few chapters the existence of the fully grown 
animal or man has been taken for granted, and the attempt 
has been made to discover as much as possible of its way of 
working : we have been studying the physiology of adult 
life. But the adult animal (and plant, for that matter) is 
not a ready-made article — it has to develop. In the second 
chapter we studied development as revealed by simple 
observation. But that gave us no more than does a mere 
description of structure for the adult organism. We want 
to know something of the physiology of development just 
as much as of the physiology of adult life. 

The great difference between the two branches of physio- 
logy is this — that while adult physiology is dealing with 
stability, developmental physiology is dealing with change. 
In the former case, the general characters of the organism, 
in spite of alterations in detail, remain the same over long 
periods of time ; and one of the most prominent features 
of the processes of adult life is that, as a whole, they con- 
stitute a self-regulating system, in which any excess in one 
direction automatically brings into play forces acting in the 
opposite direction. But in developmental physiology, the 
organism is always passing from one phase into another, and 
even if some of the phases — like the tadpole stage of the 
frog — are of comparatively long duration, yet processes are 
always at work which at length will upset the self-regulative 
power of the system, and will make it change into something 
quite different. 

Besides these processes of normal development, however. 
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others of the same general type may occur as the result of 
special circumstances. The facts of regeneration, for in- 
stance, come under this head ; and, as a matter of fact, some 
analysis of regeneration will be found to give the best 
starting-point for a discussion of developmental physiology 
in general. 

Regeneration is not a very familiar fact to most of us, 
since it is present to a very slight degree in ourselves and in 
the animals we know best. But worms or polyps, or indeed 
most of the lower animals — if they could think — would find 
regeneration the natural, normal state of affairs, and the 
absence of regeneration a sad and abnormal failure. In a 
sense they would be right. Regeneration does at least seem 
to be a fundamental and original property of life, lost late 
and for special reasons. 

If you throw crumpled paper into a freshwater ditch, or 
set traps consisting of a bottle with boiled earth-worm for 
bait, you will probably succeed in catching large numbers 
of various kinds of freshwater Planarians — little leaf-shaped 
creatures of carnivorous habits and gliding movements. 
Choose out the brown and black species, which are the hardi- 
est. Transfer one to moist blotting-paper, and with a sharp 
knife cut it clean across. The experiment sounds cruel ; but 
in reality you will have artificially encouraged the multiplica- 
tion of the species. Each of the bits, replaced in water, will 
regenerate what is lost and so become transformed into a 
complete worm. The same would have happened if you had 
cut the animal into half a dozen cross-pieces instead of two, 
and equally whether you cut it down the middle or across. 
If you persisted, you would discover two main facts in the 
course of your experiments — that any piece of any shape, 
provided it was above a certain quite small size, is capable 
of regenerating into a whole animal ; and that this happens 
equally whether the regenerating pieces are fed or no (fig. 53). 

The same would have been true if instead of a Planarian 
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you had cut up the little polyp Hydra, and almost the same 
with the smaller Annelid worms such as Lumbriculus. The 
same also holds for the microscopic single-celled Protozoa, 
although here the operations are much more difficult owing 
to the animals’ small size. 



Fig. 49. Partial and complete twinning artificially produced in 
Newts. A, gastrula stage after a hair has been tied round the segmenting egg 
so as to produce light constriction. neural-fold stage of the same embryo. 
Two sets of neural folds (/. Med. and r. Med.) have been produced anteriorly ; 
they join posteriorly at x. C, the same just before hatching. A two-headed 
monster has been produced. D. Result of complete separation of the first two 
blastomeres by a hair, sf. Two healthy embryos, complete except in size, have 
been produced. 


It is also true for the very early stages of development 
in many kinds of animal. In a newt either of the two first 
cells produced in segmentation may, if artificially separated, 
give rise to a whole embryo ; the same holds in many animals 
for any one of the first four cells, or for most fragments of 
the late segmentation and blastula stages (fig. 49). 

Thus regeneration of the extreme type — what we may call 
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complete regenerative capacity — is found in the simplest 
types of animal and the earliest stages of development. It 
must therefore be thought of, not as a special property 
developed to meet the rare contingency of losing a limb or 
being bitten in two, but as something natural to living things, 
and present unless circumstances forbid it. 



Fig. 50. A microscopic section (longitudinal) through a regenerating leg 
OF A Salamander larva. The cut was made at the level joining the line from x 
and the right-hand line from nKn. BlZy undifferentiated cells first produced at 
the cut surface. E, epidermis (with pigment below it only in non-regenerated 
part). Hy cartilage of original humerus, with incipient bone-formation at its 
edges. My muscle. Ny nerve. nJfCn, regenerated cartilage, differentiated out 
of cells like Biz. x, region where old cartilage is dedifferentiated. 


Further facts confirm this view. In animals of a rather 
higher grade of organization, such as the more complicated 
worms, Crustacea, some insects, and some molluscs, the 
power to regenerate is still present, but it is limited. No 
longer can the animal be cut in half, or into a number of 
little bits, without losing its capacity for life ; but so long as 
certain central and essential organs remain at work, very 
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considerable losses, such as those of a limb or a tail, can be 
replaced. This degree of regenerative power continues even 
into the land vertebrates. Although the frogs and toads do 
not, the lower or tailed amphibia still possess it. Even a 
mature newt or axolotl can grow not merely a new toe or 
new foot, but can repair the loss of a whole hind limb and 
limb-girdle. This we may call organ- regeneration. In such 
animals, the early stages in development of an organ such 
as a limb are capable of complete regeneration. Thus, by 
cutting a tadpole’s limb-buds so that a number of separated 
bits are left, the animal may be made to grow more than 
the normal complement of legs (figs. 50, 51). 

The same limitation of regeneration is seen, as might be 
expected, during development also. For instance, while the 
amphibian in its segmentation and blastula stages has an 
almost complete regenerative capacity, the tadpole can only 
regenerate single organs, and the frog can do no more than 
heal wounds. Even in newts and salamanders regeneration 
is much more rapid in the tadpole than in the adult. 

Among reptilia, lizards are the only animals which possess 
even the power of organ-regeneration, and in them it is 
confined to the tail. When we look closely we find that here 
the original general power of regeneration inherent in living 
things has been retained in this organ for particular biological 
reasons, and has been combined with special adaptations to 
make it of greater value to the animal. The lizard has the 
power of self-mutilation (or autotomy as it is often called). 
If you catch a common lizard by the tail you will find that 
after a moment or two of squirming, the tail, broken off 
short at the root, will be all that you have in your hand, and 
the rest of the lizard will be running off into safe hiding. 
This is only made possible by a special structure of the 
vertebrae of the base of the tail ; they have a crack on either 
side which penetrates almost to their centre, and the tail- 
muscles are so arranged that when one set of them contracts 
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they pull at the further half of one of these vertebrae, and 
snap it off across the plane of weakness. 

The tail when broken off is, though doomed to death 
within a few hours, not yet dead ; and it continues to execute 
the most violent wrigglings and jerkings for some time. In 
Nature what occurs is apparently as follows. — When a bird 
or other, enemy makes a pounce at the lizard, it will often 



Fig. 51. Ventral view of a metamorphosing Toad {Pelohates) with six 
legs. This condition was brought about by cutting into the early limb-buds, 
each separate piece developing independently. 

only succeed in catching it by the tail. When this happens, 
the tail is broken off, and by its squirmings continues to 
keep the attention of the attacker while the lizard itself is 
making for safety. The tail is lost and devoured, but the 
lizard grows a new one. If lizard-eating animals were 
rational they would probably confine themselves to tails, 
gathering the annual crop as we gather the annual crops of 
fruit off a fruit-tree. In any case, the lizard often saves 
itself by sacrificing its tail {how often could be established 
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by finding out how long tail-regeneration takes, and then 
by examining a number of lizards from one locality and 
noting how many were in process of growing new tails — an 
experiment well worth trying) ; and this desirable end has 
only become possible by adding the special mechanism for 
breaking off the tail to the primitive power for regeneration. 

Crabs and many other Arthropods have this power of 
autotomy in their limbs, and some worms when handled 
break their whole body into fragments, each one of which 
will regenerate into a complete individual ! 

One word about the power of regeneration in mammals 
and ourselves. Although we cannot grow new limbs, yet 
our wounds will heal, and this is still a real regenerative 
process ; we may call it wound-healing or tissue-regenera- 
tion. It is also to be remembered that in a certain sense the 
growth of such tissues as the epidermis is a continual re- 
generation — for something is continually being lost, and as 
continually being renewed. These last processes fall under 
the head of normal or physiological regeneration. A more 
striking example, perhaps, than the skin is to be seen in the 
antlers of deer — two masses of bone weighing several pounds 
which are shed and renewed each year. 

Two or three general principles emerge from these facts. 
The first — to recapitulate — is that regeneration is a primitive 
property of life. Most low organisms never stop growing, 
and the capacity for regeneration is clearly associated with 
the capacity for growth, since growth is necessary for many 
of the processes of regeneration. Other changes that are 
at work in regeneration, however, have the character of re- 
arrangements ; for instance, in the formation of a whole newt 
out of one of the first two blastomeres of the newt’s egg, the 
only process is one of regulation — of rearrangement of material 
which ought to have produced a half, so that it actually 
produces a whole of half size. In the regeneration of a small 
piece of Planarian to form a whole worm, a certain amount 
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of new growth takes place at the cut ends of the piece, but 
many of the changes involved are brought about by changes 
in the original piece. For this to happen, however, a certain 
degree of plasticity is needful — cells and tissues must be 
capable of altering their original character and adapting 
themselves to new conditions. This also is largely a property 
of actively growing organs ; further, it appears to be impos- 
sible if tissue-differentiation has reached too high a pitch. 

Thus the gradual limiting of regenerative capacity which 
we find as a general rule both in the development of the 
individual and in the progress of life as a whole, is due partly 
to increased differentiation, partly to the fact that the higher 
animals, instead of growing indefinitely, show a sharply 
marked stoppage of growth on reaching the adult state. 

Regeneration is thus essentially the restoring of typical 
form, structure, and function ; we might call it a special 
case of regulation. 

The fact that a piece of Planarian without a mouth can 
yet regenerate head and tail is obviously interesting. The 
piece’s capital can be readily transformed into cash for the 
undertaking of new enterprises — in other words, the living 
framework of its body can be broken down into food- 
materials which can then be used up in new growth else- 
where. In the higher animals, the living capital is locked up 
in non-negotiable forms to a much greater extent, although 
not so completely as is often imagined. 

This power of drawing upon the living tissues in case of 
need leads on to another remarkable power of Planarian and 
other low types. If an intact animal of this sort is starved, 
it can continue to exist for periods of weeks and months by 
thus liquidating its capital for its day-by-day expenses. 
Since it draws on its own tissues for its daily energy-needs, 
it therefore must grow smaller and smaller. Planarians can 
continue this economical process until they have diminished 
their size to below that at which they hatched from the egg. 

8582.4 
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If they are given food again (at any stage in the proceedings) 
they will start growing once more, and recover their normal 
size and appearance (fig. 52). 

One very curious fact was early noted about Planarians 
thus reduced in size by starvation — namely, that their pro- 
portions gradually altered from those of the adult and became 
more like those of normal young worms. This led to the 
idea that perhaps they not only looked young, but had really 
become young again — an idea which was easily put to experi- 
mental proof. 

Some species of Planarians reproduce mainly asexually 
by transverse division ; after the worm has reached a certain 
length a new head is formed a little behind the centre of the 
body, and in front of this a split appears along which separa- 
tion eventually takes place. A brood of worms from one such 
species was taken. When they had nearly reached full size, 
they were divided into two lots. One lot, fed regularly, 
continued to grow and divide in normal fashion. The other 
lot was starved until the average size of its members was 
reduced to about half ; then it was fed until it had recovered 
its original size ; then starved again — and so on repeatedly. 
The experiment was continued for a period of time in which 
the well-fed animals went through nineteen generations (a 
period which, though only occupying a few months for 
Planarians, would in human beings mean about six centuries 
— from Chaucer’s time till to-day). During the whole of this 
period, none of the other lot reproduced at all, but all re- 
mained within the limits of size set for them by the experi- 
menter, and, what is more, showed no signs whatever of age 
or of diminished vigour. In fact there is every reason to 
suppose that the experiment could have been continued 
indefinitely — in other words, that the individual Planarian, 
by proper treatment, can be made immortal. 

The elixir of life was sought by the alchemists of medieval 
Europe for hundreds of years. These experiments show that 
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it has at last been discovered ; but, unfortunately, it is only 
effective with Planarians and some other animals, all of a low 
grade of organization. 

Before we go further into the principles involved in this 
matter j we must mention that there is another way in which 



Fig. 52. Dedifferentiation and Reduction, i and 2, the Ascidian (sea- 
squirt), Clavellina. i, normal. 2, the same individual dedifferentiated after 
exposure to adverse conditions. 3 and 4, the Flatworm, Planaria. 3, normal 
adult. 4, the same individual after several months without food. 

animals may surmount starvation and other unfavourable 
conditions. 

If an ordinary hydroid polyp like Obelia be kept in the 
laboratory, the hydranths, or separate organized individuals 
of the colony, will (unless the water is well aerated artificially) 
show a curious series of changes. Their mouths will close 
and their tentacles become stumpier ; eventually they will 
lose almost all signs of their previous differentiated structure 

Na 



i8o Points in the Physiology of Development 
and become converted into a rounded or egg-shaped bag 
with a few little knobs marking where the tentacles had once 
been. They have lost differentiation — in other words, have 
undergone dedifferentiation. 

In Obelia the process is complicated by the fact that while 
dedifferentiation is going on, the cells of which the hydranth 
is made up detach themselves from their neighbours and, 
leaving their fixed place in the tissues, migrate into the 
central cavity and down into the common stalk which con- 
nects all the hydranths. By this means the hydranth dwindles 
rapidly, and is reduced soon after dedifferentiation is com- 
plete, to a tiny knob in the bottom of its protective horny 
cup. The animal has been resorbed by the stem. It is as if 
a house were to be unbuilt, by the bricks leaving their places 
in the walls and migrating into the garden. 

If, however, the hydranth is cut off at its base beforehand, 
the central cavity is soon filled up with detached cells, and after 
this, dedifferentiation alone occurs until the animal is reduced 
to a mere living bag tight packed with cells. These types of 
dedifferentiation are found in many low types of animals, 
such as various Coelenterates and Ascidians (fig. 52). 

Among higher forms partial dedifferentiation may be a 
normal mode of development. For example, when the tad- 
pole metamorphoses into the frog, some of its tissues start 
to dedifferentiate, for instance, those of the gills and tail. 
The process is complicated by the fact that phagocytosis, or 
the devouring of undesirable materials by white blood-cells, 
here reaches a far greater pitch of perfection than in lower 
animals, and, as a result, as soon as the cells have reached 
a certain degree of dedifferentiation, they are attacked and 
removed by the white blood-cells. The disappearance of the 
tadpole’s tail is thus due more to the activity of the phago- 
cytes than to the migration of the tail-cells themselves. 
Similar methods of resorption of tissues are found when, for 
instance, a tumour of a graft disappears in a human being. 




Fig. 53. Regeneration and Differentiation in Planaria. i, a normal 
adult worm in outline, showing eyes and pharynx ; a and b, levels where pieces 
were cut out. 2, either aox b pieces may regenerate a new head ; in this case 
complete differentiation to a normal worm occurs. The original pieces produce 
new head and tail by new outgrowths, new pha^nx and altered shape by 
remodelling. 3, in adverse conditions, only a rudimentary head is produced. 
4 and 5, in very adverse conditions, no head is formed ; the front end merely 
forms a scar. In these circumstances, a-pieces form a new pharynx (4), but 
6-pieces do not (5). 
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To return to regeneration, and to another of its aspects, it 
is found that the presence of one part is often necessary for 
the regeneration of another part. In Planarians, for instance, 
the mouth opens at the end of a sort of trunk, the muscular 
pharynx, which can be protruded from the centre of the 
underside. If a small piece of the flatworm is cut out by two 
transverse cuts, it depends on a number of circumstances 
whether a head shall be formed or not ; for instance, a low 
temperature near freezing, or exposure to dilute alcohol or 
other poisons (the experiment is easy to carry out) will 
reduce the frequency of head-formation, or even suppress it 
altogether (fig. 53). 

If a head is produced, such a piece will always proceed 
to the formation of a pharynx. But if no head appears, the 
formation of a pharynx depends on the original position of 
the piece in the body. If it was cut from in front of the 
original pharynx, it will often regenerate a pharynx, even in 
the absence of a head ; but if it came from behind the 
original pharynx, a new pharynx will never be formed unless 
a head forms first. In other words, a new pharynx will be 
regenerated in the centre of a piece of Planarian provided 
that there exists at the front end of the piece a region which 
is normally anterior to a pharynx — whether this anterior 
region be an old part of the body or a new regenerated head. 

Thus, the head or front region of the body exerts some 
remarkable influence upon a distant region of the rest of 
the piece, making it construct an organ that it could not 
otherwise produce. It makes things make themselves. 
Exactly how this effect is produced we do not know. Possibly 
it is through the agency of the nervous system. In any event, 
it is clearly a property of very great importance, and also 
one which seems to be of quite general occurrence. For 
instance, when the eye-stalk of a prawn is cut off, a new one 
like the old is. usually regenerated. But when, in addition 
to the eye-stalk being amputated, the optic ganglion, or part 
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of the brain to which run the nerves from the eye, is also 
cut out, the organ which is regenerated bears no resemblance 
to an eye and eye-stalk, but has precisely the form of part 
or all of the first antenna or feeler, the appendage which 
normally comes next behind the eye. 

One other fact gained from the study of regeneration 
needs to be considered before the problems of normal 
development. If one of a pair of organs be removed, remark- 
able results often follow. For instance, in certain diseases, 
one kidney may have to be cut out. When this is done, the 
other begins to grow, and at the end of a few months weighs 
almost as much as the original pair together. This enlarge- 
ment follows as a direct result of the increased demands 
made upon the functions of the surviving kidney, and is 
therefore known as compensatory functional overgrowth. 
There is no regeneration of the missing organ, but a com- 
pensatory growth of its mate, resulting, one may say, in a 
regeneration of function. 

This functional overgrowth may be found not only to 
compensate for the loss of one member of a pair of organs, 
but also when part of a single organ is removed, or when an 
extra demand is made upon an organ without removal of 
anything. 

If, for instance, most of the liver or pancreas or reproduc- 
tive organs are removed, the bits that are left will start to 
grow rapidly, until they are large enough to cope with the 
demands of the body. 

Or, as illustrative of the second case, the normal thyroid 
secretion is very rich in iodine. When the amount of iodine 
in the food and drink falls below a certain quantity, the 
demands of the body for more iodine-containing secretion 
react on the thyroid ; this begins to grow, producing more 
total amount of secretion as an attempt at compensation for 
its poverty in iodine. It may grow to a relatively huge size, 
producing a great swelling, called a goitre, in the neck. If 
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a little iodine is given to a patient with such a goitre, the 
demand ceases, the reverse process sets in, and the swelling 
is reduced^ (see also p. 162). 

A similar process takes place in muscles when extra 
demands are made upon them. Everybody knows how heavy 
exercise ‘ develops the muscles and, after a preliminary 
period of loss of weight due to utilization of the reserves of 
fat, makes a man put on flesh. The actual size of the muscles 
increases as the result of exercise. 

With this information we can now attempt some account 
of the normal development. It is found that the early 
development of a vertebrate such as a frog or newt falls, 
from our present standpoint, into three main periods. The 
first is essentially a period of the division and rearrangement 
of already existing materials, and takes the fertilized egg 
through segmentation and some way into germ-layer forma- 
tion. The second is mainly one of differentiation — visible 
structure appears, the organs are blocked out, and tissues 
become different each from the other. Finally, in the third, 
the two most important features are growth, and the welding 
of the differentiated parts into a working whole — by mutual 
influence of organs upon each other and by an adaptation 
of separate organs to the demands upon them through the 
effects of function upon growth. 

This last phase may be taken first, since it is in many 
ways the most familiar. Think of a young organism — a 
recently hatched tadpole, a puppy, a child. Although it has 
already a characteristic organization, yet this organization is 
still plastic within wide limits. The final shape and size 
of its bones, its muscles, its sinews and tendons, its glands, 
its digestive tube, even of parts of its central nervous system, 
depend very largely upon the amount and the kind of use 
to which they are put during development. 

* This is not the only type of goitre ; e. g. exophthalmic goitre or 
Graves* disease seems to arise from quite other causes. 
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If one of a puppy’s fore-limbs is tied up soon after birth 
so that it is never used, the dog will manage to get about very 
well with only three legs. But the leg which has not been 
used will be very different from the others. The bones of 
its skeleton will grow almost to the normal length, but will 
never attain more than about half their normal thickness, 
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Fig. 54. X-RAY PHOTOGRAPHS OF THE Hand OF A BoY in whose third finger 
the basal joint became diseased ; it was removed and a piece of healthy bone 
with its bone-forming membrane (periost) grafted in from another situation, 
A, Six years old, immediately after the operation ; the grafted piece of bone (x) 
is of an irregular shape. B. Two years later (the position of the hand is re- 
versed), the grafted piece has become moulded into a very good imitation of 
the original joint. (After Timann.) 


nor will the arrangement of bony struts and stays at either 
end of the shaft (which in an ordinary bone are developed so 
as to meet both vertical and sideways strain in the mechani- 
cally most perfect way) be properly forme4. The muscles 
of the leg, too, and their tendons will be very small. Not 
only this, but the nerve-cells of that region of the brain 
which controls the movements of the limb will be undersized. 

The power of bone to respond to the strains to which it 
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is exposed, is of practical value. If, for instance, one of the 
small bones or phalanges of a finger is crushed and has to 
be removed, a small piece of bone from some other region 
can (if it include some of the periost layer from which new 
bone-cells are produced) be grafted in to take its place. 
After a year or two the irregular splinter will have come to 
bear a marked, though not complete, resemblance to the 
bone for which it is doing duty (fig. 54). 

One of the most striking adaptations in the body is the 
fact that every tendon which attaches a muscle to a bone not 
only is of the proper size for the strain which the muscle 
can exert upon it, but is composed of parallel fibres which 
run precisely in the region of greatest stress. How can this 
beautiful relation of mechanism to function be supposed 
to have originated by natural causes ? Does not the purpose- 
ful adaptation, different in detail for each separate tendon, 
demand the intervention of some supernatural power ? 

Research, however, has in great measure removed such 
difficulties ; for it has shown that all the separate detailed 
adaptations are the direct consequence of one inherent 
property of the tissue of which tendons are made. 

If a piece is cut out from a long tendon, such as the 
Achilles tendon which passes from the muscle of the calf 
over the heel to be fastened to the sole of the foot, it will 
after a time regenerate. Connective tissue grows out into 
the wound, the cells elongate and form fibres in the direction 
of the tendon, make attachment to the cut ends, and repro- 
duce a structure essentially like that which was originally 
present. But if by one means or another the calf-muscle 
is put out of action (as when its nerve has been severed) then, 
although the gap will be filled by a new growth of connective 
tissue, the fibres will not become arranged in any particular 
direction, and no tendon-like structure will be formed. 

Further, when in such an animal (the main experiments 
were carried out in rabbits) a piece of clean silk was healed 
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across the middle of the wound, at right angles to the original 
tendon, and then, by winding it up very slowly on a screw, 
increasing tension was put on one end of it, it was found that 
fibres were formed in the new connective tissue, but parallel 
to the silk, and therefore useless for any restoration of normal 
function. 

From these facts (supported by many others) it is clear 
that tendon-fibres are formed from connective tissue when 
the connective tissue is frequently stretched, and further, 
that they are formed parallel to the stretching force. This 
stretching force is usually the force of muscular contraction 
(in growing animals there will also be found stretching due 
to growth of bones) ; so that tendons will be formed from 
ordinary connective tissue when muscles begin to contract,^ 
and will be ‘ adapted ’ to the direction and amount of 
stretching exerted by the muscle. In any case, all the ap- 
parent design seen in the adaptation of each several tendon 
to the demands made upon it, is apparently a direct result 
of this one reaction of connective tissue to tension. 

To sum up, we may say that certainly most of the tissues 
of the body — possibly all — respond either throughout life or 
at least during growth (while their cells are still capable 
of multiplication) to the demands made upon them, and 
respond on the whole very advantageously from the point 
of view of the whole animal. The skeleton, the muscles, 
tendons, many and probably all glands, the central nervous 
system — all these we have already seen to show functional 
adaptation. So does the skin. Everybody knows that (after 
the blister stage has been , negotiated) continual rubbing will 
make the skin thicken. ‘ Horny-handed ’ is so hackneyed 
an epithet for manual labourers as to have almost become 
mere journalese, and every oarsman demonstrates the fact 
in his own person. So, too, the circulatory system responds 
to functional demands. If Everest is ever climbed, it will 
^ It is possible that they may originate in other ways as well. 






Fig. 55. Effects of thyroid insufficiency in Man. On left, a cretinous child with grave thyroid deficiency, and consequent stunted 
growth and mental deficiency. In centre, the same child after some months’ treatment with desiccated sheep thyroid. On right, the 
same child a year later, its parents having refused to continue the treatment. The symptoms have returned. 
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probably be because men can become ‘ acclimatized ’ to 
high altitudes and consequent low oxygen supply, largely, it 
would seem, through an extra production of red blood- 
corpuscles by the bone-marrow and in consequence a greater 
capacity of the blood for capturing and transporting what 
oxygen there is. 

Furthermore, the size of a blood-vessel, both diameter of 
cavity and thickness of wall, is determined very largely — 
perhaps wholly — by the amount of blood which is pumped 
through it, and the pressure at which it is pumped. Cases 
are known in which large arteries become blocked up. If 
the blocking-up process is not too rapid, one or more small 
branches of the vessel will gradually enlarge, and produce 
channels capable of transporting the requisite amount of 
blood without difficulty. This has been known to happen 
even when it is the human aorta, the main and indeed the 
only large artery springing from the arterial side of the heart, 
which has been blocked. 

The same kind of adaptation is also true of the protective 
reactions of immunity. It is a familiar enough fact that 
children who have had measles once do not generally catch 
it again, but this is only one among innumerable instances, 
such as the over-production of diphtheria antitoxin by horses 
injected with small doses of the toxin or poison produced by 
diphtheria germs, which has reduced the disease from a cruel 
scourge to a serious unpleasantness, or the benefits given by 
vaccination. All these again depend on one single property 
of higher animals ; when unaccustomed proteins enter their 
system, they can (if the foreign substances are not in too 
great amount, and provided certain other conditions are 
fulfilled) not only destroy or inactivate them, but in the 
process generate an excess of the destroying substance or 
antibody y which remains for a longer or shorter time so 
that a second invasion can be more rapidly and effectively 
crushed (see also p. 166). 
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Although many of these adaptations are possible through- 
out life, others can only occur during development, and most 
of them are essential for normal development, since only 
through them do the size and structure of the various organs 
come to correspond to their function and to the physical 
and chemical stresses imposed on them. 

There is, however, another type of mechanism which is 
active through the later periods of development and plays an 
important role not only in this functional adaptation but 
also in fusing the parts of the organism into a more unified 
whole, arid that is the endocrine system or sum total of the 
ductless glands (see also pp. 161-4). 

Many of them, such as the thyroid and the pituitary, have 
indispensable functions as regards proper growth. The 
thyroid regulates the rate of metabolism, increased amount 
of thyroid secretion producing an increase of oxidation in 
the body. As might be expected, this function seems to be 
of more importance to the well-being of animals such as 
mammals, with a normal high metabolism (great heat- 
production and constant high temperature), than to those 
like fish or frogs, which do not have to be constantly generat- 
ing large quantities of heat to keep their temperature above 
that of their surroundings. Within the mammals, the absence 
or failure of the thyroid makes more difference to an adult 
man than to an adult sheep : the thyroidless sheep is but 
slightly abnormal, while the thyroidless man becomes notably 
fat, sluggish, and slow-minded. But its absence in the child, 
in whom growth and activity should be much greater, makes 
far more difference again than in the grown-up man ; the 
thyroidless human child or cretin usually dies early, can only 
grow into a stunted dwarf, and never develops normal intelli- 
gence, the brain of man apparently requiring a high level 
of metabolism for its unfolding. In Amphibia, metamor- 
phosis from larva (tadpole) to adult is under the control 
of the thyroid. Tadpoles with their thyroid cut out refuse 
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to be transformed into frogs, and grow to giant size in the 
water (fig. 56), while if a dose of thyroid is given to quite 
young tadpoles, they will metamorphose into froglets no 
larger than flies. 

The changes which take place in body and mind at puberty 
•are also under the control of the endocrine system. The 
immediate control is exerted by the gonad itself. It is im- 
portant to find that a whole set of separate changes can be 



Fig. 56. Two individuals of the same age from the same batch of Frog’s 
Eggs. The one on the right is the control, and has metamorphosed normally 
into a frog. The one on the left had the whole rudiment of its thyroid removed, 
has not developed legs, has not metamorphosed, and has grown to a size much 
greater than that normally found in tadpoles of this species. 

brought about by a single change in the ductless glands, and 
further, that all these changes are in the long run related to 
one function, that of reproduction. 

That a single original alteration in the chemical composi- 
tion of the blood, an alteration appearing inevitably at the 
end of a definite span of growth, should bring aljout an 
increased growth-rate, the formation of mature spermatozoa 
in the testes, the appearance of hair on the face and body, 
and a marked change in mental outlook and temperament, 
is one of the most striking facts in biology. 
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All the ductless glands have this in common, that their 
secretions are carried all over the body by the blood, so that 
they can exercise a number of different effects simultaneously 
upon the most diverse organs. 

It is fairly obvious, however, that for all the importance 
of function and of the endocrine system in development, 
their task is essentially one of regulating the degree of 
activity of processes already in being, or of directing them 
along particular channels. Bones exist in the absence of a 



Fig. 57. Outlines of two related species of Fish {Argyropelecus olfersi 
and Sternoptyx draptiana). The one can be derived from the other by a simple 
distortion of the relative directions and intensities of growth in length and 
growth in a dorso-ventral direction. 

pituitary or of pressure upon them, and muscles without 
being used. It is only a small part of the adult man’s growth 
of hair that is dependent upon the testis ; metabolism con- 
tinues in the absence of a thyroid, and the first development 
of a gland or blood-vessel takes place before its use begins. 

Another point that should not be forgotten is that in the 
long run the differences in shape and size between different 
animals depend almost entirely upon differences in the 
amount and direction of growth in different regions during 
development. In very early life the hind-limbs of a whale 
grow much less fast, compared with the body, than do 
those of a man, and those of a man much less fast than those 
of a kangaroo. Some idea of the changes which would be 
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produced in human beings if the proportions between general 
growth in length and growth in breadth were rather different 
from what they actually are, can be obtained by visiting the 
distorting mirrors at a fair or circus. Or one organ may be 
aflfected differently from the rest; the effect of this on general 



Fig. 58. Two Experiments in Grafting in Tadpoles, t. The front half 
of an embryo of one American species of frog {Rana sylvatica) has been cut off 
and grafted on to the hind half of another, lighter-coloured species {R. palustris). 
2. The compound animal (chimaera) grows quite normally. The lateral line, 
which originates near the head, has grown down from the sylvatica component 
on to the palustris trunk. Compound individuals like this have been reared 
through metamorphosis. 3 and 4. The front part of a sylvatica embryo has 
been grafted on to the back of a palustris embryo : this combination also 
has continued development. The sylvatica lateral line (below «), on reaching 
the palustris component, has bent round into correct position. 


proportions may be seen by looking at oneself in the 
broadening mirror, first with the arms held against the s^des, 
and then outspread at right angles to the body. 

If in the embryo of the fish Argyropelecus the tendency 
to growth in length had been a little less, and the main 
direction of dorso-ventral growth were not quite at right 
angles to the main direction of growth in length, it would 

1582.4 o 



194 Some Points in the 

have developed into a passable imitation of another kind of 
fish (fig. 57). No doubt such slight alterations in growth 
are at the bottom of much evolutionary change. 

How do these more fundamental structures and functions 
originate to provide the primal basis to be shaped by the 
secondary moulding forces we have described } 

Although much is still not clear, yet the main outlines 
of the answer emerge when we look at the next previous 
stage of development, the stage of differentiation. 

This starts during gastrulation (p. 47), and ends as the 
various organs become capable of exercising their functions. 
Its great characteristic is the sudden appearance, in the 
hitherto comparatively simple germ, of a number of chemi- 
cally different regions, each one of which is irrevocably 
destined to generate one particular kind of organ. What is 
more, this will usually be accomplished whether the develop- 
ing organ-rudiment is in its proper relation to the rest of the 
organism or not. 

If the late gastrula is cut in two so as to separate front from 
hind region, each part (after healing the wound) will proceed 
to develop just those organs which it would have done if 
the embryo had been left intact. We are presented with an 
anterior half-embryo without any of the hinder organs, and 
a posterior half-embryo with tail, hind limb-buds, and most 
of the trunk, but no head-regions, gills, or heart. There is, 
in fact, in this stage no regeneration whatever of missing 
parts; yet, in spite of this, both halves appear quite healthy, 
and only begin to degenerate at a stage when the organs 
should be beginning to work and the animal to fend for 
itseif . Or a piece of one embryo may be grafted on to another 
embryo, even of a different species, and both will continue 
to develop (fig. 58). One actual ‘ chimaera ’ has been 
artificially produced consisting of the front half of one kind 
of frog and the posterior half of another, which grew and 
metamorphosed quite happily. 
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Or if a small part of the future brain- region be cut out just 
after the gastrula stage, and grafted in again in reversed 
position, it will produce what it would have produced in an 
untouched embryo, although now of course the organs to 
which it gives rise will be misplaced. The eye, for instance, 
which is formed by an outgrowth from the brain (fig. 28), may 
by this means be made to develop behind the ear, and yet 



z 


Fig. 59. To show the effect of the dorsal>lip region of the Amphibian 
Embryo in inducing development. 

1. An embryo which during its gastrulation has had grafted into its flank 
a dorsal-lip region from another embryo. It has developed its own head 
(anterior), tail, and nerve-tube with somites (right), &c. In addition, a secondary 
set of main organs has been induced in it by the graft. Of these, tail, nerve-tube, 
and somites are visible ; ear-vesicles were also formed, but not the front of 
the head. 

2. Microscopical section through this embryo, pr, Med, nerve-tube of the 
host, with notochord below it. sec. Med, nerve-tube induced by the graft. 
L. sec. Lab, left induced ear-vesicle. 


have normal structure. This will happen in spite of the fact 
that no visible trace of even the earliest eye-rudiment was 
present when the operation was performed. 

Before gastrulation, on the other hand, no such irreversible 
changes, inevitably determining the future appearance of 
organs, have yet set in. 

Cutting the developing egg in half in the earliest stages 
has a totally different result from cutting it in half after 
gastrulation has set in. In the former case, as we have seen, 

o 2 
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one or both halves may become reorganized into a whole, 
and produce an embryo normal in every respect save size. 

One very remarkable fact has recently been discovered, 
namely, that the sudden change that takes place in a few 
hours during gastrulation in an animal like a frog or newt, 
during which the germ loses its capacity for regulation and 
becomes a sort of jig-saw of separate parts, each predeter- 
mined to produce just one particular organ of the future tad- 
pole, occurs under the influence of one small region of the 
embryo. This is the region just above the dotsal lip of the 
blastopore. By ingenious microscopic operations, even tiny 
bits of a newt's egg can be removed and grafted into other 
places on the same or other embryos. If this dorsal-lip region 
be taken and grafted into the flank region of another develop- 
ing egg, it is found to cause the development of an extra set 
of organs, in addition to the one produced in relation to the 
host egg’s own dorsal lip. An extra nerve-tube, notochord, 
muscle segments, kidney tubes, and gut may be thus induced 
to form — in other words, the beginnings of a whole second 
embryo. What is more, they are not formed by the grafted 
piece itself, but in the host-tissues near it. Again, we are 
reminded of Mother Carey in Kingsley’s Water Babies^ who 
‘ made things make themselves No other region has this 
power, and so the title of ‘ organizer ’ has been bestowed 
upon the dorsal-lip zone (fig. 59). 

It is interesting to recall that a similar sort of power was 
exerted by the head of a Planarian in inducing the formation 
of a mouth and pharynx (p. 182). Another fact is that the 
dorsal-lip region at this period is the most actively working 
part of the embryo, with very rapid cell-division. It seems 
probable that this great activity has something to do with 
its organizing capacity. 

Other interesting results, also apparently concerned with 
differences of activity in different parts of the developing 
egg, have been obtained with still earlier stages. For instance, 








Fig. 6o. Free-swimming Larvae of the Top-Minnow (Fundulus hetero- 
clitus). A, Normal larva, with anteriorly placed mouth (M), B. Incompletely 
Cyclopean larva, with the two eyes joined and occupying the position usually 
taken by the mouth. C. Completely cyclopean larva, with single antero-median 
eye. Dorsal aspect. D. Lateral aspect of same, showing the ventral mouth (M). 
E, Ventral aspect of same ; ys, yolk sac. (From Stockard.) 
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if fishes’ eggs or frogs’ eggs are put for a few hours during 
early segmentation in solutions of magnesium or lithium 
chloride (or of many other substances in damaging concen- 
trations) very curious results may be obtained. The front 
end of the animal, between the eyes, does not develop pro- 
perly, or sometimes is not formed at all. As a result the eyes 
are close together, or joined up to form one eye, as was 
fabled of the Cyclops, or are even absent altogether. The 
rest of the animal develops almost normally (fig. 60). 

Conversely, if eggs are put during the same period in 
the right concentration of stimulating substances, stich a^‘ 
atropin, caffein, &c., more or less the converse result is found. 
The whole embryo develops more rapidly than normal, but 
the excess rapidity is greatest at the front end, and embryos 
are produced with abnormally large heads and eyes (fig. 61). 

wSomething of the same sort may also be effected by keeping 
frogs’ eggs between plates at different temperatures. When 
the yolk-cells, which are going to give rise to the belly region, 
are heated, and the animal pole-cells, which give rise to the 
head, are cooled, the tadpole which hatches out has a 
slightly small head and large abdomen ; while precisely 
the opposite effect is produced if the temperature-gradient 
through the egg is reversed. 

All these results appear to depend upon the fact that the 
animal pole-cells are more active physiologically than the 
yolk-cells, which are hampered by their stores of inert yolk, 
and the activity grades down from one pole of the egg to the 
other. The more active cells are both more susceptible to 
harmful agencies — hence their failure to work properly in 
MgCl2 solutions, &c. ; but they can respond better and 
quicker to favourable agencies than the less active yolk- 
cells. It looks as if we shall have to attack these very early 
stages if we want to obtain any marked degree of control 
over the processes of development. 

Our knowledge of these first two periods can be summed 



Fig. 6i. Acceleration of development in the Embryo of a Fish {Macros 
podus) by means of exposure to atropin sulphate for if hours during early 
segmentation. A. Control, developing in normal conditions. B. Treated speci- 
men. Note the much greater size of the head. Its heart-beat was also more 
rapid. (After Gowanloch.) 
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up thus. Although the period up till early gastrulation is of 
course an essential link in the developmental chain, no im- 
portant steps in the construction of the details of the animal’s 
typical organization are being taken so long as it lasts. The 
original comparatively simple organization of the zygote is 
not much altered ; and the most essential change is the 
cutting up of the huge and unwieldy single cell, the fertilized 
ovum, into hundreds of small cells. In the first place, these 
are far more mechanically convenient, just as a hundred- 
weight of bricks is suitable building material, while a single 
giant brick weighing a hundredweight would be useless^ 
And then each is a relatively independent unit, with its own 
cell-membrane as frontier, so that it is much easier to localize 
a number of separate chemical processes in different parts 
of an embryo divided up into cells than it would be to 
localize them if the embryo were all one large cell, in the 
same sort of way that the possession of a number of small 
pots and pans makes easier the task of preparing an elaborate 
dinner. 

To choose another parallel from human affairs for the 
second and third phases of development, we might say that 
the second corresponds to the discovery and invention of 
new processes, new machines, new products, while the third 
corresponds to the growth of the industries based on these 
discoveries, a growth which is regulated by the laws of supply 
and demand, by the customs and laws of the country, and 
by the state of world affairs, but can only take place once the 
new inventions have been made. 

In conclusion, it is worth mentioning that every cell of 
the body appears to receive the same complement of chromo- 
somes, the original set possessed by the fertilized egg being 
exactly duplicated at each cell division, so that each cell has 
a ‘ copy ’ of it. This at first sight seems to make differentia- 
tion hard to understand ; but perhaps a musical analogy will 
make it clearer. The performance of a piece of pianoforte 
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music demands a pianoforte. But we might have a hundred 
identical pianos in a row, from each of which would be 
emanating a wholly different piece of music : that would 
depend upon the players. 

For the pieces of music substitute the different organs of 
the embryo ; then the pianos are the chromosome-sets and the 
players are represented by the different conditions in different 
regions. For instance, at the close of segmentation s(5me 
cells are small and poor in yolk, those at the opposite end are 
large and yolky, some are at the surface, others tucked away 
in the interior ; and the differences between different parts 
are increased after gastrulation. 

In animals progressive development generally comes to 
a close with the attainment of the adult condition. In man, 
however, this need not be so in respect of one character. 
Mental development may continue ; in other words, the 
contents of the mind may increase and its organization be- 
come more complex and more perfect, so long as maturity 
continues and senility has not set in. 

Of course this is by no means always very marked, and 
equally of course something of the same kind is seen in the 
higher vertebrates which can profit by experience. But the 
extent of the possible development open to man is none 
the less very striking. One of the chief biological differ- 
ences between man and all other organisms is that, through 
his power of thinking and learning, his development and 
differentiation can continue* through the wliole of life. 
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THE METHODS OF EVOLUTION 

IN the last few chapters we have begun to learn something 
of the extraordinary complexity of our bodies. What appear 
as the simplest of actions are often dependent upon a delicacy 
of mechanism not to be found in our man-made machines, 
while many human faculties could never exist without the 
foundation of a whole series of carefully adjusted living 
processes. Human thought is only possible within narrow 
limits of temperature. Our brains will only work even 
approximately well within a range of about 3° or 4°C., and 
to keep the blood at constant temperature requires the 
elaborate machinery, which we have already discussed, of 
sweat-glands, dilating and contracting blood-vessels, and 
their nerve-supply. Or again, merely to pick up a pencil 
from the floor or a cricket ball from the grass requires first 
of all an exact judgement of distance, which means a con- 
nexion and co-ordination between the brain processes in- 
volved in sight and the judging of seen objects, and those 
involved in the sense of muscular movement and judgements 
of muscular movement ; and secondly, the co-operation 
of a large number of separate muscles in body, arm, and 
fingers, each of which has to be made to contract or relax 
just so much, no more and no less, by nerve-impulses of just 
the right number and frequency. 

How is it possible that this complexity can have come into 
being ? 

At the outset we must remember that it does come into 
being in every one of us during the first few years of our life. 
Each one of us started as a formless germ with hardly any 
differentiation — no separate organs or tissues, no sense- 
organs, no brain, no capacity for regulating its temperature, 
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for moving from place to place, for thought. Something 
(and a great deal too) had to be formed out of next to nothing 
before we were ready to be borri. Even after birth we had 
to learn to do a great many things that we take for granted, 
such as judging the shape of things from sight or even from 
touch ; ^ learning to control our muscles accurately. Have 
you ever watched a baby making bad shots for its mouth, 
or at some bright object in front of it, learning to walk, 
to speak ? A new-born baby is even more helpless in many 
ways than it seems. Its brain-cells and fibres are not fully 
developed, and it is not for some weeks that it is even capable 
of beginning to learn many types of lessons. The power of 
the centres in the cerebral cortex to combine the raw 
materials provided by the senses in proper relation is well 
seen in the following experiment. A man was provided with 
inverting lenses, so that he saw everything upside down. By 
wearing them all day for a week or so, however, he gradually 
came to make the right associations quite unconsciously 
between the inverted vision and his bodily movements. It 
is in a similar way that the baby must learn to associate its 
visual and tactile and muscular sense-impressions, for they 
are all equally arbitrary, and only by association can the 
relation between them be worked out by the brain. 

There has thus been real evolution in the individual 
development of every human being and higher animal or 
plant — an evolution that is accessible to everybody's obser- 
vation. 

^ The well-known experiment of crossing the index and middle 
fingers and finding that a pencil, a pellet of bread, or the tip of the nose, 
when between their crossed tips, is felt double, shows that the judgement 
of solidity from touch depends largely upon the proper association of 
sensations from different regions — such as finger-tips. In making judge- 
ments that a ball is spherical, we are doing something still more elaborate. 
The shape of the visual image, and its shading, have to be associated 
with memories of the feel of similar objects previously seen. A man who 
had been blind from birth would have, like a baby, to learn to see things 
solid. 
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The other evolution, that of one species out of another, 
one whole type of animal life from a lower type, cannot 
generally be observed in this direct way. If the evolution 
of the individual is as easy to watch as the movements of 
the second hand of a watch, that of the race is as impossible 
of direct detection as the movement of the hour hand. 

Various facts, however, as we have already pointed out, 
make it impossible to get on without assuming that racial 
evolution has occurred ; and further, when we examine 
fossils at huge intervals of time, we find that change has 
taken place. In just the same way the undetectable move- 
ments of the hour hand are made visible if we note its 
position only at half-hourly intervals, and the far slower 
geographical movements, such as the erosion of the Norfolk 
cliffs, or the building out of Dungeness into the sea, can 
also be detected if measurements are taken only at intervals 
of a few years. . Occasionally, however, we can trace the 
actual evolution of one species out of another in the fossils 
which they have left behind in the rocks. 

However, even if we can be sure that evolution has 
occurred, that our own bodies and minds are derived by slow 
descent from those of ape-like creatures, those from lower 
mammals, those again from reptiles, amphibians, some form 
of fish, and so back till at the remote start we had traced our 
pedigree back to a single-celled creature — however certain 
we can be of the facts, our certainty gives us no answer to the 
question of how the facts came to be so — the machinery by 
which evolution works. 

There have been several main theories as to the method 
of evolution. The first is called the Lamarckian, after its 
author, the French naturalist Lamarck (1744-1829), the 
second the method of Natural Selection, first clearly set 
forth by Charles Darwin (1809-82). 

The first assumes that changes produced during the life 
of the individual, whether by direct effect of the external 
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environment, or by voluntary or involuntary use and disuse 
of its organs, are inherited ; and that these inherited changes 
accumulate in the course of generations so as to become 



Fro. 62. To SHOW Intergrading Variation in 17 existing forms of the 
freshwater snail PaludinOy from various localities. The extremes would be 
regarded as distinct species if they were not connected by a complete series 
of intermediate forms. Similar gradual variation is often found during geo- 
logical time. (Lull, Organic Evolution, 1922.) 


fixed. Characters acquired in this way during life are usually 
called acquired characters^ or sometimes simply modifica- 
tions. If, for instance, a tame sea-gull is fed on corn instead 
of fish, the whole lining of its stomach alters, becoming 
thicker and more like that of seed-eating birds. Or, again, 
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the proper sort of exercise actually causes muscles to become 
larger. In hard training, although at first a man’s weight will 
go down, because the fat gets used up as fuel, yet afterwards 
his weight will go up again, this time owing to the building 
of new muscle-tissue. 

The Lamarckian theory would have it that the effects of 
changes like these are perpetuated in the offspring ; thus 
the direct action of external conditions, or, as we usually say, 
of the animal’s environment, would be one chief cause of 
evolution, and the habits and will of the animal the other 
chief cause. 

However, there is little or no evidence for the theory, 
and a great deal against it. We will take a particularly 
striking example from botany. Many plants grow both high 
up among mountains and down in the plains and valleys. 
Those which grow higher up must exist in lower temperature, 
longer winter, more violent weather, poorer soil. As a result, 
they grow into a shape quite unlike that of the lowland 
variety. The Dandelion, for instance, when growing in the 
Alps (fig. 63) is a dense rosette of small leaves, a long root, 
and a short flower stalk ; in the lowlands, as we all know, its 
stalk may be long, its leaves large and spreading, its root 
(though too long for the gardener) much shorter. 

If Dandelions from the Alps are taken down and grown in 
the plain, all their new growth is of lowland type, and in 
a short time they become indistinguishable from lowland 
dandelions, while exactly the reverse is true of lowland plants 
transplanted to the Alps. The same is true when seeds of 
the Alpine type are sown in the plains, and vice versa. The 
time spent in an Alpine environment has not in the least 
fixed the Alpine habit of growth. 

This can be readily understood if we suppose that the 
Dandelion has a fixed constitution which, however, reacts 
differently to different external circumstances ; it has, that 
is to say, a fixed capacity of being modified in special ways. 





ao8 The Methods of Evolution 

This is obviously true for simple chemical substances* One 
particular sort of paraffin, for instance, melts at, say 6i°, 
another at 62^ C. Keep the former in one environment — 
below 61^ — and it stays solid; keep it above 62°, and it 
stays liquid. But you will not make it raise its melting-point 
however long you keep it melted. The two will continue to 
show their characteristic modifications in relation to heat — ■ 
their original melting-points — as long as you like to keep 
them. To take another example, this time from the animal 
kingdom, attempts have been made to explain the black 
colour of the negro as the accumulated effect of generations 
of sun-burn. It is of course true that most white men in 
a tropical climate become sun-burnt ; ^ the strong sunlight 
has a direct effect in causing more pigment to form in the 
skin. But anybody can verify for themselves the fact that 
the children of men tanned in this way are not noticeably 
less white than those of parents who have never left England. 

What does this imply ? Surely, that European and negro 
have different constitutions as regards skin-colour. The 
European stays pale in temperate countries, darkens in the 
tropics. But the negro is black wherever he lives. We can 
go back to our previous comparison ; we can think of two 
grades of paraffin, one melting at 65 C., the other at 40° C. 
The first, if kept in the shade, will remain solid throughout 
the summer in any region of the earth ; but the other, 
though it would stay solid in an English summer, would be 
liquid in the tropics (see also fig. 64). 

This interpretation would clearly leave no room for the 
Lamarckian theory, and, as time has gone on, more and more 
of the examples that the Lamarckians claimed as proving 
their point have been shown to be explicable in some such 
way as this. 

The further difficulty remains that we are completely in 

* Although some very clear-skinned people, like certain Scandinavians, 
only get red and inflamed. 
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the dark as to how the inheritance of acquired characters 
could be brought about. 

Every animal, as we have seen, consists of a number of 
organs concerned with the working of the individual, to- 
gether with the reproductive cells whose primary function is 
the perpetuation of the race. To the first, taken together, the 
term soma (the Greek for body) is applied, while the second 



Fig. 64. Diagram to illustrate the effects of differences in Environ- 
ment AND in Constitution upon differences in Visible Characters of 
Organisms. A, plants, all of similar hereditary constitution, grown under 
uniform conditions of environment: result, similarity. B, plants of various 
hereditary constitution grown under similar conditions of environment : result, 
diversity, due to mutation or to recombination. C, plants, all of similar hereditary 
constitution, grown under various conditions of environment : result, diversity, 
due to modification. 

is called the germ-plasm. The soma is of necessity mortal, 
while the germ-plasm is potentially immortal, and is the con- 
tinuous chain on which the individuals of the race are strung 
(fig. 6 5). All acquired characters — that is to say , all characters 
which the Lamarckian theory supposes to be accumulated in 
evolution — are somatic ; they affect the soma. But how is 
a change in the soma to alter the germ-plasm ? And even 
if it did, how is it to alter it in such a way that when the new 
soma of the offspring is produced, it shall show a change of the 
same sort ? As Weismann, the well-known German zoologist 

1582.4 
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of the late nineteenth century, put it, we might equally well 
suppose that a message sent off by telegram in Paris would 
arrive in Pekin already automatically translated into Chinese. 

Taking it all in all, it seems probable that Lamarckian 
evolution, or the inheritance of any sort of acquired character, 
has played at most a minor and insignificant part in the 
actual evolution of animals and plants. 

That this is so is lucky for humanity. For, it is undoubted, 
and even obvious, that most human beings fall far short of 
reaching the standard either of body or of mind to which 



Fig. 65. Diagram to illustrate the relation between Body {soma) and 
Germ-plasm in Successive Generations. Only the germ-plasm, represented 
by a succession of dividing germ-cells, is continuous from one generation to the 
next (black line with arrow). Single individuals are represented by ovals, con- 
taining somatic cells (white circles), all of which die, and germ-cells (black 
circles), some of which produce the next generation. The son is therefore not 
descended from his father’s body {soma), but both father’s soma and son are 
descended from a common ancestor in the shape of the fertilized egg which 
grew into the father. 


their inherent constitution could develop if it was made the 
best of. Either through their own fault, or through the fault 
of a bad environment, in the shape of poverty, slums, mono- 
tonous life, unhealthy work, or unhappy family circum- 
stances, they are in some way or another under-developed. 
If this under-development were inheritable, the majority of 
the race would be undergoing a steady degeneration. As it is, 
however, a good stock in a bad environment continues to 
produce potentially normal and healthy children, that only 
want good surroundings to unfold their possibilities. 

The second great theory of the method of evolutiqji is that 
of Natural Selection. 

Darwin himself saw it forced upon him as the necessary 
consequence of the following facts of biology : 
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1. The fact of heredity. All organisms tend to resemble 
their parents. 

2. The fact of variation. No two organisms are exactly 

alike. Thus the resemblance between parent and offspring 
is not absolute. Further, some variations at least are in- 
heritable. / 

3. All organisms produce more offspring than can survive. 
If all, or even half the young, even of the slowest-breeding 
known animal, the elephant, were to come to maturity and 
themselves reproduce, the whole globe would in a limited 
time become packed with elephants.^ While what would 
happen if all the million or two eggs of every sea urchin came 
to maturity baffles imagination ! Thus, among the individuals 
of every species, there is of necessity a struggle for existence — 
not necessarily a conscious struggle, but none the less a real 
competition in effect. 

The conclusion to be drawn is this — that those individuals 
which possess variations helping them in the struggle will 
on the whole survive, while those which have varied in the 
opposite direction will on the whole be killed off. Those 
that survive will reproduce the race, and by the operation 
of heredity, their offspring will tend to resemble them — in 
other words, will tend to possess the same favourable varia- 
tions. This process Darwin called Natural Selection, 

Natural Selection may thus be compared to a sifting of the 
individuals of a race, a sifting which results in the race 
coming to consist only of such individuals as are best 
adapted to their environment, 

Darwin clinched his argument by pointing to the effects 
of artificial selection. Look, he said in effect, at the different 
breed of dogs, of pigeons (fig. 66), of horses, the different kinds 

^ Darwin calculated that each pair of elephants normally produced 
about six young during its breeding period, from thirty to ninety years 
old. If this rate of reproduction continued, then in 500 years a single 
pair would have fifteen million living descendants. The problem is, 
of course, one in simple geometrical progression. 
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of vegetables, corn, or fruit. A Shetland pony, a race-horse, 
and a cart-horse, exhibit much greater points of difference 
than do many natural species. If a zoologist who by some 
accident had never seen a dog were shown a greyhound, a 
pug, a mastiff, and a dachshund, he would probably classify 
them in different genera. Yet they, as well as the types of 
horses and all the other breeds of domestic animals, have been 



Fig. 67. ‘Mutual Courtship ^ as illustrated by the Crested Grebe 
(Podiceps cristatus). In the breeding season, both male and female develop 
the chestnut and black crests and black ‘ ear-tufts *. These are absent in winter. 
Right, the commonest form of display, in which the birds, with erected necks 
and partly spread ruffs, shake their heads repeatedly at each other. Left, a dis- 
play less frequently seen, in which the birds, after diving and fetching nest- 
material (water-weed) from the bottom, swim at each other, and leap up to 
meet each other breast to breast, with fully spread ruffs. 


produced by selection, the breeder keeping such animals as 
came nearest his ideal, rejecting the others and not allowing 
them to reproduce. If artificial selection can produce such 
results in the short period covered by history of man. Natural 
Selection, argued Darwin, in the vast periods of geological 
time could produce all the diversities seen in the animal and 
plant kingdoms. 

Another form of selection, which as Darwin saw, must 
operate among the higher forms of animals, is that which is 
called sexuah selection. Just as natural selection is the im- 
mediate outcome of the struggle for existence, so sexual 
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selection is the result of the struggle for reproduction. 
Where, as in all higher animals, reproduction is sexual, any 
advantage in finding a mate will give an evolutionary advan- 
tage, since the more successful animal will leave more 
descendants, who will on the average inherit the same 
qualities which ensured their parent’s success. Thus, while 
in Natural Selection the sifting mechanism consists almost 
exclusively of the inorganic environment together with the 
actions of the animal’s organic competitors, in sexual selection 
it consists largely of the mind of the opposite sex of the same 
species. In other cases, however, the males fight for the 
females, and here strength, skill, vigour, and protective and 
offensive weapons will be the decisive factors. Characters 
originating in this way are illustrated by the antlers of deer, 
the canine teeth of horses, the spurs of male game-birds, the 
mane of the lion , or the enormous size of the males in many seals. 

However, the more interesting qualities developed by 
sexual selection are those which have had to go through the 
sieve of the mate’s mind. As we should expect, the characters 
most encouraged by this means will be those which most 
readily please, stimulate, or excite the mind, especially on 
its emotional side. And, as a matter of fact, they are just 
such characters: brilliant colours like those of male pheas- 
ants, often combined with striking patterns and structures, 
as in the train of the Peacock; wonderful ceremonies or 
dances such as that of the Grebe (fig. 67) or the Argus 
Pheasant (fig. 68), in which bright or beautiful plumes are 
shown off in a startling or unusual way; or again, pleasant 
scents, such as those emitted from special scales by male 
‘ Blue ’ butterflies, or actually sprayed over the female by the 
male, as in the African butterfly Amauris\ or gifts of food, as 
are made by some spiders and insects ; or the instinct to con- 
struct regular ‘ art galleries ’ such as are made by the Bower- 
birds of Australia ; or love-songs, like those of grasshoppers or 
song-birds; or even special vibrations, like those indulged 




A. 

Fig. 68. The Courtship-display of the Argus Pheasant (Argusianus 
argus). A. The cock Argus pheasant in ordinary attitude. B. The hen 
interested in the display of the cock. The cock has spread his wings and thrown 
them upwards and forwards, displaying the beautifully shaped eye-spots on the 
wing-quills. The tail meanwhile is jerked up and down ; it is seen to the right. 
The head of the cock is almost concealed by the wings. However, just above 
the lower part of the left wing is seen a white spot, with a grey patch a little 
way to its right. The white spot is part of the beak, the grey patch part of the 
cheek. Between them there can just be distinguished the bird’s left eye, looking 
out to see the effect of the display upon the hen. She is much smaller than 
the cock, and lacks the beautiful wing and tail plumes. (From photographs 
taken at the London Zoological Gardens by Mr. D. Seth Smith.) 
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in by numerous males among the web-spinning spiders (a 
very necessary precaution, since if they did not vibrate the 
female’s web in a special way, different from that produced 
by the struggles of captured prey, the female would in all 
probability kill her suitor before realizing her mistake) 

One thing is interesting. On the whole, the characters 
that have been evolved through sexual selection are either 
pleasing or interesting to us, showing that in general where- 
ever there is a mind at work, it is pleased and stimulated by 
the same kinds of things that please and stimulate our minds. 
Often, it is true, the details of the display-character seem 
grotesque or even unpleasant to us, but this is generally due 
to some incongruousness. 

Characters like these are usually developed only in the 
males, the selection being exercised by the mind of the 
females. In such cases, selection will be most effective where 
polygamy prevails, as in Black-game, since there the favoured 
male may leave a very large number of young, the unsuccess- 
ful males leaving none at all. In other cases, however, 
notably in birds in which both sexes share the duties of 
sitting on the eggs and looking after the young, and there is 
thus a real family life, the stimulation and the selection is 
mutual, and adornments are evolved in both sexes. In such 
cases, the ceremonies and dances connected with display 
appear to have taken on an additional function, namely, of 
providing an ‘ emotional bond ’ which helps to keep the 
family together for the good of the species. . 

In any case, the evolution of sex, the final ousting of all 
other forms of reproduction by sexual reproduction, followed 
by the development of brain and mind to a high level at 
which emotions count in determining behaviour, made the 
operation of sexual selection inevitable ; and this in its turn 
determined the evolution of a very great deal of the beauty 
and interest of the higher forms of life. 
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Lamarckism in the broad sense implies a direct action of 
the environment upon the constitution of the race. The 
Selection Theory, it will be seen, only demands an indirect 
influence of the environment, but in both cases the en- 
vironment plays a great part in guiding the direction of 
evolution. 

A third theory of evolution has been advanced, called 
Orthogenesis, or development in straight lines. In its strict 
sense, this view implies that evolution proceeds in any parti- 
cular direction, not because of any advantage gained by the 
race, nor because of any direct moulding effect of the sur- 
roundings, but because of some inner urge, some necessity 
for the hereditary constitution to change in just that parti- 
cular way. However, many of the points adduced in favour 
of the theory turn out not to support one theory of the 
method of evolution more than another, but to be merely 
statements of fact — of the very interesting fact that evolution 
does often (as in the horses, for instance) pursue a slow and 
straight-line course. In these cases, the theory of Natural 
Selection will serve equally well to account for the facts, 
without our having recourse to any new principle. On 
the other hand, some very puzzling cases are known. For 
instance, the great group of ammonites, a division of mol- 
luscs related to the cuttlefish and nautilus, and now all 
extinct, were very abundant in the secondary period. Many 
of them, towards the close of their hey-day, not only 
evolved along straight lines, but along lines which seem to 
be dooming the evolving race to eventual extinction. It is 
difficult to account for this in terms either of Lamarckism 
or of Natural Selection. It is clear that the range of possible 
variations is limited by the particular hereditary constitution : 
no insect can, it appears, ever develop bone, no vertebrate 
can produce a compound eye. This implies a limited form 
of Orthogenesis ; and perhaps in certain cases the restric- 
tions imposed by the nature of the constitution are greater. 
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In any case, Orthogenesis can never be more than a sub- 
sidiary method of evolution. 

Since Darwin’s time, knowledge has increased in many 
ways, and has compelled us to revise or re-state some of 
his conclusions. For instance, we now know much more 
about heredity, about the way in which organisms tend to 
resemble their parents (see pp. 62 seq.). We also know much 
more about variation. 

Some variations turn out not to be inheritable at all. We 
have already considered some under the head of acquired 
characters ; and, as a matter of fact, a great many, perhaps 
the majority of the minute differences which distinguish 
individuals are of this sort. In general, these non-heritable 
variations are called modifications. Opposed to them are 
variations which can be inherited. These are called muta- 
tions, They may be very striking, as in the case of the Ancon 
breed of sheep mentioned by Darwin, where a single unusual 
ram suddenly appeared in a strain of ordinary sheep. This 
ram had short crooked legs and a long back like a turnspit 
dog. It transmitted its characters to its offspring, and from 
it a whole new breed of sheep was produced, the value of 
the breed being that owing to its inherited peculiarities it 
could not jump over fences. Or mutations may be so small 
that they are masked by the effect of modifications and are 
only to be detected by special experiments. A good example 
is given by the weights of bean-seeds, a problem worked out 
by the Danish botanist Johannsen. 

If a number of bean-plants are grown and their seeds 
weighed, the weights will range widely — from about 200 to 
900 milligrams in this particular experiment. The seeds 
of any single plant, however, will have a much narrower 
range of weight. Further, the ranges of weight for the seeds 
of different plants may overlap, e. g. those of one ranging 
from 200 to 659, of another from 400 to 900 milligrams. If 
the seeds of one particular plant are saved, and grown 
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Fig. 69. I. A to E, Five pure lines of Beans. All beans of a given size 
are put in a single tube ; tubes containing beans of the same size are vertically 
over each other. Pure line C had the largest average size of bean, }3 the smallest. 
Below (A-E), the result of mixing the five samples A, C, D, E, 

II. Mutation in a pure line. Above, the range of bean-size (frequency curve) 
from one particular pure line. Below, two new strains, of different average size, 
which arose suddenly from it on different occasions, and bred true. 

of weight will be the same whether the bean which gave rise 
to the plant was light, medium, or heavy. Conversely, how- 

^ Beans reproduce by self-fertilization. This process continued for 
a number of generations results in the organism being pure (homozygous) 
for all the Mendelian factors it carries. Such a homozygous stock is 
known as a pure Ime. All beans, therefore, unless artificially crossed, 
belong to pure lines. 
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ever, two beans of the same weight, which have come from 
two plants with different ranges of seed-weight, will produce 
plants giving different ranges of seed- weight in their turn. 
It is clear that there are in existence a number of hereditary 
variations or mutations affecting seed-weight. Plants possess- 
ing one of these will have seeds not of a definite and constant 
weight, but varying again (this time by modification) between 
fixed limits. The amount of the modification, however, does 
not affect the hereditary constitution, and the range of weight 
remains constant from generation to generation. The average 
weight for each strain (under given conditions) is fixed by 
heredity ; but the differences in weight within the beans 
of one strain are due to environment — to the plant being 
in better or poorer soils, to the bean being at the base or the 
tip of the pod, the pod at the base or the tip of an upper or 
a lower branch, and so on (see fig. 69). 

If selection for weight of seed were to be made among 
a large mixed lot of beans, and only those plants which had 
beans above a certain weight were used for breeding, we 
should get a rapid increase of average seed-weight in the 
population. This would be because all the strains with low 
average weight, not being allowed to reproduce, would be 
eliminated altogether. After a few generations, however, 
selection would no longer produce any effect upon the average 
weight. The reason of this would be that we were now dealing 
only with the strain with highest average weight, all the rest 
having been selected out ; and each single strain breeds true 
to its average whether we select its heaviest or its lightest 
beans from which to breed. Further progress could only be 
made if a new mutation were to crop up (as might quite 
possiblyhappen,andasdid happen cjuringone of Johannsen's 
experiments) in the direction of greater seed-weight. 

Recent breeding experiments have shown that new muta- 
tions are continually cropping up in all sorts of animals and 
plants, both wild and domesticated. For instance, in a 
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species of the little fruit-fly Drosophila, the American 
zoologist Morgan has discovered over 400 new mutations, 
all of which have started from pedigree stock in the laboratory 
and all of which are inheritable. Some of these involve very 
small changes only, such as a slight difference in eye-colour, 
while others, such as a mutation which makes the flies almost 
wingless and incapable of flight, are far reaching in their 
effects. Any one mutation may, it appears, influence any 
structure or function of the body in any direction. 

Darwin’s statement concerning variation must therefore 
be put in a new form. It should run thus.- — All animals vary 
continually and in every part. A great deal of this variation 
is due to modification resulting from differences in environ- 
ment, and is not inherited. Inheritable mutations, however, 
also occur which affect every part. In any given species a 
great number of these mutations are already in existence, 
and new ones are regularly arising. 

Natural Selection, therefore, is a selection of mutations, 
large or small. At present we know very little as to why or 
how mutations originate. That is one of the greatest tasks 
before biology in the immediate future. But the fact that 
they do originate is sufficient to make evolution by Natural 
Selection possible and intelligible.^ 

In this way, by the constant killing-off of more organisms 
with disadvantageous mutations, and the survival of more 

* The matter is not quite so simple as it appears at first sight. One 
great difficulty is that most of the mutations found to occur in the 
laboratory seem to make the animal less well adapted to its surroundings 
and often to be definitely harmful. However, the mutations most easily 
detected will usually be those with large and striking effects ; and a large 
change will be likely to throw the animal’s organization out of gear. 
Mutations of small amount which do not throw the machinery out of 
gear but may even improve it, must also be occurring, but the smaller 
they are the more difficult will they be to detect. Very recently, it has 
been found possible to produce large numbers of mutations in Droso- 
phila by X-ray treatment. This discovery should lead to a great 
extension of our knowledge in the near future. 
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organisms with advantageous mutations, change will occur 

in the direction of better adaptation. 

It must never be forgotten that a very slight advantage 
will in the course of generations come to preponderate. If 
for example, at the beginning of a glacial epoch, when the 
climate were growing slowly colder, a mutation occurred in 
a particular kind of beetle such that it gave a i per cent, 
advantage to its possessor — in other words that on the 
average lOO individuals with the new character survived, 
but only 99 without it ; suppose further that the new muta- 
tion and the old condition were simple Mendelian allelo- 
morphs (p. 65) ; and that the new mutations were dominant ; 
suppose further that the mutation existed in i per cent, of 
the population. Then it can be calculated that after less 
than 500 generations, half the population will show the new 
character, and that in 1658 generations (not a long period in 
evolutionary history) 99 per cent, will show it. Somewhat 
different but essentially similar figures will apply to reces- 
sive characters. 

That selection does take place in nature is known by many 
observations. To take^a simple instance, after a severe storm, 
an American naturalist collected a number of sparrows 
which were lying exhausted on the ground. Some of these 
recovered, the rest died. The wings of those that recovered 
were nearer the average for the species ; the wings of those 
that died were on the average either much larger or much 
smaller than the normal. 

The theory of Natural Selection, in the slightly altered 
modern form that we have stated, is becoming more and 
more firmly supported by evidence as time goes on, and 
there can be now little doubt that it has been the most 
important agency in bringing about adaptive and progressive 
evolutionary changes. 
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THE GENERAL PROCESSES OF EVOLUTION 

AS we have already seen, one of the most important pro- 
perties of animals and plants is adaptation to their conditions 
of existence. Of this obvious but most fundamental point, 
it will be as well to give a few examples from widely different 
groups of animals. Birds and mammals both possess a con- 
stant temperature which is ordinarily well above that of their 
surroundings. They should, therefore, be equipped with 
an arrangement for preventing too rapid loss of heat ; and 
this is provided by the feathers in one case, the hairs in the 
other. 

Swimming birds, almost without exception, are web- 
footed or lobe-footed (fig. 70). The Jacana, which seeks 
its food on the floating leaves of water-plants, has enormous 
toes which distribute its weight as do skis or snow-shoes 
on the thin crust of snow. Indeed, in general the feet of 
birds are remarkably well adapted to the life which their 
owners lead (fig. 70). The egg-eating snake, Dasypeltis, 
possesses a special mechanism by which it can temporarily 
dislocate its jaws to swallow an egg whole. In addition, one 
of its neck vertebrae bears a downwardly directed spine 
which protrudes into the gullet, and is used to crack the 
egg where none of its contents will be wasted. The larvae 
of crabs live near the surface of the sea, and are provided 
with long spines which increase friction and make thefn less 
ready to sink (fig. 71). But the most striking examples 
are those known as convergence, where a similar mode of 
life produces similar effects on quite unrelated animals. For 
instance, it is advantageous for many animals to be invisible 
against their surroundings, either to escape their enemies or 
to approach their prey unobserved. And we find that in 
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polar latitudes many animals are white, at any rate in winter, 

in deserts many are sandj. in undergrowth many are 



Fig. 70. Adaptation of structure to mode of life as illustrated by 

THE FEET OF VARIOUS BIRDS : I. Shag (webbccl for swimming) ; 2. Crow 

(perching, grasping) ; 3. Ptarmigan (running; ‘stocking' of feathers for warmth) ; 
4. Wild jungle fowl (walking, scratching ; spur for fighting) ; 5. Coot (lobate 
for swimming) ; 6. Jacana (toes elongated for walking on floating leaves); 
7. Sea-eagle (raptorial for killing and holding prey). 

blotched and streaked so as to break up their outline, and 
harmonize with the tangle (see figs. 72-5). 

Others, again, escape their enemies by mimicry, as it 




Fig. 71. Pelagic Larva (2oaea) op a Crab (Porcellana): Note the enormous 
anterior spine (rostrum), for increasing friction and preventing rapid sinking ; 
also the abdornen not yet bent up under the thorax, thus recapitulating the 
ancestral condition, at^, at^, ist and 2nd antennae, mxp^y mxp'^, ist and 2nd 
maxillipeds (used for swimming at this stage, though for feeding in the adult), th, 
rudiments of the five pairs of legs. (MacBride, Textbook of Embryology, vol. i, 

1914-) 
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is called — by resembling other animals which are dangerous 
or distasteful. Thus wasps, which advertise their sting by 
their bright black and yellow pattern, are imitated (of course 



Fig. 73. Protective resemblance. Four specimens of the Crustacean 
Huenia proteus on the sea-weed Halimeda, The resemblance is striking both 
in form and colour. (From Hesse-Doflein, Tierbau und Tierleben, II ; Teubner, 
Leipzig & Berlin.) 


quite unconsciously) by a large number of different sorts of 
perfectly harmless insects both as regards pattern and body- 
form. Ants may be mimicked by many other insects 
(figs. 74, 75 B-c). (See also fig. 75 A.) 

Another type of convergence concerns shape. Every one is 
familiar with the typical fish shape — the stream lines of the 




Fig. 74 * Mimicry and protective resemblance in the East African 
Grasshopper Eurycorpha. When full grown (a) the animal is large and green, 
and readily escapes detection among the leaves on which it lives. When young 
(b) it closely resembles an ant, and the long antennae are so thin as to be visible 
with difficulty in nature ; it even possesses two pale patches on the sides of its 
abdomen (e), which give it the appearance of possessing a ‘ waist ’ like an ant. 
(d) shows three young larvae (i) with specimens of two kinds of ants (2 and 3). 
In this stage, the young grasshopper’s behaviour is like that of an ant, and it runs 
about among the ants in a restless way. The full-grown animal, on the contrary, 
spends niost of its time without moving. While growing up (c) the animal is 
i^ermediate ; it tries to escape its enemies by hiding or by ‘ shamming dead *, 
(From Hesse-Doflein, Tierbau und TierlebenAl : Teubner. Leiozic & BerlinA- 
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body, permitting of rapid motion in water. When other 
vertebrates have taken to the sea, they too have evolved into 
a similar shape, as is seen in the Ichthyosaurs, a group of 
reptiles, and the whales and porpoises, a group of mammals. 

This adaptation of every part of an organism to its role, 



Fig. 75 a. A Lantern-bug (Laternana lucifera) with extraordinary resem- 
blance of the expanded front region of the head to a small crocodile’s head. 
Many lantern-bugs have this anterior prolongation of the head. In this case 
the resemblance to a crocodile has been brought about by black patches simu- 
lating nostril and eye (with white patch simulating reflection of light), the ‘ eye * 
on a projection as in a crocodile. The line of the jaws is clearly indicated, and 
whitish triangles, which actually protrude somewhat from the surface, closely 
simulate teeth. The insect’s own eye is seen behind the angle of the apparent 
* jaw *. It has plausibly been suggested that this resemblance is of service to 
the insect in scaring away small insectivorous birds and mammals. No other 
possible function has been assigned to it ; and in any case the detailed resem- 
blance is very remarkable, (Photograph by A. Robinson.) 


of every whole organism to its mode of life, is universal. 
It is indeed the direct and most obvious outcome of Natural 
Selection. 

But there is another fact, of perhaps greater importance, 
which must be taken into account, and that is the existence 
of higher and lower types of organisms. Within a few square 
yards we may have the man in a house, the dog in the yard, 
the worm in a flower-bed, the fish (probably a goldfish) in 
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a pool in the garden, and the amoeba also in the pool, or in 
a water-butt. They are all living close together, but their 
effective environments are amazingly different in extent. 
Most of the happenings to which the amoeba responds 



Fig. 75 B. Views (upper, from the side; lower, from above) of four species 
OF Plant-bugs {Membracidae) to show protective resemblance and mimicry. In 
all cases the resemblance is effected by the pronotum (upper part of the first 
segment of the thorax) and head. From left to right : i, Umbonia Spinosa, 
resembling a thorn ; 2, Darnis lateralisy resembling a grass-seed ; 3, Hetero- 
notus nigricans, resembling an ant ; 4, Oeda inflata, resembling in colour and 
shape the orange cocoon of a Syntonid moth, which belongs to a family charac- 
terized by nauseous taste. (In the view from above, the pins on which the 
insects are stuck are visible.) (Photograph by A. Robinson.) 



Fig. 75 c. Side view of a Plant-bug {Membracidae) mimicking an Ant 
(see also fig. 75 b). Note the outgrowth from the dorsal side of the first segment 
of the thorax which gives the resemblance to the ant and covers the insect’s 
real body completely. 


accurately take place within a radius of a millimetre or so ; 
when stimuli like light or vibration affect it, it has no means 
of discovering anything about the distance or the kind of 
source from which they come, but responds simply to light 
or to vibration as such. The total range of environment 
which the Hydra could conceive of would be a few centi- 
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metres each way. The worm is a little larger, but still without 
any special sense-organs ; it can distinguish light from dark- 
ness, but cannot see the shape or colour or distance of any- 
thing ; it can tell when the earth is vibrating, but cannot 
in any true sense hear^ because it cannot distinguish tones ; 
it cannot begin to control the environment in the same sort 
of way as man controls it, because it is not even in contact 
with most of that environment, locked away from the 
happenings of the outer world in a windowless existence 
which is almost incomprehensible to us who are provided 
with efficient sense-organs. The fish can see images, but its 
vision of anything outside the water is very limited owing to 
the water surface, which if it is rough prevents vision across 
it. In addition, it is of course confined to water, and so, in 
this case, to a little pool of a few feet radius. The dog can 
see, can hear and smell very well, and can roam over the 
surface of the earth. Its environment as perceived by its 
senses is as extensive as that perceived by man's senses ; but 
it cannot understand it in the same way. For instance, we 
can be pretty sure that no dog could ever come to understand 
the difference in distance between a cloud, the moon, the 
sun, and the stars. In addition, its brain cannot make the 
same reasoned relations between its sense-impressions as 
can man. Although it can and does learn, it can only learn 
in an unirttelligent way, making associations as they come. 
It does not appear capable of thinking in abstract terms of 
cause and effect. Its environment must seem both more 
limited and more chaotic than the man's. The man, if he 
takes the trouble to be interested in the environment in 
which he lives, finds it a very marvellous one. He can get 
information, by means of a microscope, of invisible things 
under his nose ; he can also obtain information, by spectro- 
scope and telescope and mathematical calculation, about the 
composition, size, and speed of stars hundreds of light-years 
away. He can know by letter and newspaper what others 



General Processes of Evolution 231 

are thinking and doing, through history he can enlarge his 
past far beyond the limits of his single lifetime, and he can 
make prophecies, sometimes (like those of eclipses and 
comets) of perfect accuracy, concerning the future. Also he 
can relate the different parts of his environment to each other 
and to general principles. His environment is enormously 
greater, both in space and time, than the dog's — let alone 
the amoeba's ; and it is much more intelligible. 

In addition, the six organisms are of very different sizes 
and degrees of complication. Amoeba consists of one cell, 
hydra several thousand, the worm many hundreds of thou- 
sands, a man millions of millions. There are many more 
kinds of cells in man, dog, or fish, than in hydra or even 
worm. As we ascend the series, we find even greater inde- 
pendence of external forces. Amoeba and hydra are at the 
mercy of floods, currents, droughts. A worm is limited to 
a very small section of the soil. A fish is wide-ranging, and 
can change its abode at the onset of unfavourable circum- 
stances, but is confined to water. The dog can range on 
land, and, finally, man is at home in every latitude, and has 
mastered sea and air as well as earth. 

When we look carefully into the matter, we can see that 
here, too, the differences between members of the series can 
be thought of in relation to the environment, but in a much 
more general way than is the case with special adaptations. 
Using the word environment to denote the whole series of 
events and processes with which life can come into contact, 
and not merely the particular environment of one particular 
organism, we can say that some animals have more control 
over the environment than others, and are more independent 
of it. The savage is more at the mercy of the elements 
than is civilized man ; civilization is learning to control 
floods and droughts, to make a pathway of communication of 
the same sea which to the savage is an impassable barrier. 
The dog in its turn is not able to cultivate the ground or to 
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kill such varied game as the savage. The fish can exert far 
fewer different movements than the dog, and is much less 
able to profit by experience. The earth-worm is not only 
without specialized organs of locomotion, but also lacks all 
organs of special sense. 

So far as independence goes, it is well to remember that 
amoeba and hydra are bathed, over the whole of their 
absorptive surface, by the water in which they live, and that 
accordingly any changes in the composition of that water act 
immediately upon the vital processes of the animals. In 
addition, they do not possess any mechanism for regulating 
their temperature, and so must live slow or fast according 
as their surroundings are cold or hot. In man or any mam- 
mal or bird, both the temperature and the chemical composi- 
tion of the fluid which is in contact with all the cells of the 
body are, as we have seen, kept constant with an extraordinary 
degree of accuracy, and special devices exist for preventing 
changes in the outer world from exerting their full effect upon 
the vital processes of the body. 

In brief, we may say that high and low organisms can be 
distinguished by the degree of their control over and their 
independence of environment. This difference in inde- 
pendence and control is reflected in their structure and their 
capacity for self-regulation and, in the mental sphere, by 
the degree of knowledge of the outer world which their 
sense-organs and brains permit, and in all probability by the 
intensity of their emotions. 

From what we know about evolution it is clear that the 
highest organisms have developed latest in time. This we 
can actually see happening as we trace back the history of 
life in the fossils ; it is a probability which amounts for 
all practical purposes to certainty that the converse is true, 
and that although the early stages of the earth’s history as 
written in the rocks and fossils are now undecipherable, yet 
that the first forms in which life appeared were low organisms. 
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Fig. 76. Diagram of the main geological periods. The figures give, in feet, the 
approximate maximum thickness of the sedimentary rocks laid down in each period. 
The total thickness since the beginning of the Cambrian is thus about 36 miles. The 
incisions indicate the periods when various great mountain-systems were formed — 
Eurasiatic on the left, American on the right. The dominant forms of animal life are 
indicated on the right ; it will be noted that highly complex forms (Trilobites) had 
already been evolved in the Cambrian. 
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At the beginning, then, there were only low organisms, to- 
day there exist all gradations between the highest organisms 
and the lowest ; as we shall see later, undoubtedly many 
organisms have degenerated during evolution from a higher 
to a lower condition. If we look back into the history of 
fossils, and investigate what forms of life were present before 
and after the development of some new high type, such as 
man or the mammals, we shall almost always find that the 
new type has simply been added to the previously existing 
types. For instance, the reptiles were the ‘dominant land 
animals in the secondary period, before the development of 
the higher or placental mammals ; when these were evolved, 
just before the beginning of the tertiary period, although they 
speedily became dominant on land, and although many 
species and even whole sub-groups of reptiles were extin- 
guished, yet the reptilian type as a whole did not perish 
from off the face of the earth, but continued to exist as well 
as the mammals. In the same way, although the advent of 
man sealed the death-warrant of a great many species of 
other mammals, reduced the total number of lower mammals 
very considerably, and deposed them from their previous 
dominant position, yet lower mammals still exist in abun- 
dance, and will undoubtedly continue to do so. 

Thus we cannot say that evolution consists simply in the 
development of higher from lower forms of life ; it consists 
in raising the upper level of organization reached by living 
matter, while still permitting the lower types of organization 
to survive. This general direction to be found in evolution, 
this gradual rise in the upper level of control and inde- 
pendence to be observed in living things with the passage 
of time, may be called evolutionary or biological progress. 
It is obviously of great importance, and can be seen, on re- 
flection, to be another necessary consequence of the struggle 
for existence. 

This improvement has been brought about in two main ways, 
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which we may call aggregation and individuation. Individuation 
is the improvement of the separate unit, as seen, for example, 
in the series Hydra — Earth-worm — Frog — Man. Aggrega- 
tion is the joining together of a number of separate units 
to form a super-unit, as when coral polyps unite to form a 
colony. This is often followed by division of labour among 
the various units, which of course is the beginning of in- 
dividuation for the super-unit, the turning of a mere aggre- 
gate into an individual (Table facing p. 236). 

Let us take as an obvious example of biological progress 
the colonization of the land by vertebrates.. As a matter of 
verifiable fact, the sea was already peopled with highly 
developed fish before the first amphibians appeared on land. 
In other words, while there existed great competition among 
vertebrates in the sea, this competition did not as yet exist 
on the land. Clearly, then, it would be a biological advantage 
to any species if it were to vary in such a way as to make it 
able to live on land, for then unchecked multiplication would 
be possible for it, and it would have fewer enemies. Varia- 
tions in this direction would thus tend to be preserved ; in 
other words, this particular step in biological progress would 
be favoured. 

As a matter of fact the step is a very large one, and pro- 
gress was inevitably slow. The Amphibia did not arrive at 
a complete solution of the problem of leading a terrestrial 
existence. Their skin is moist, they are usually confined to 
wet places even in their adult existence, and the earlier part 
of their life is almost invariably spent actually in water, in 
the shape of a tadpole larva. 

With the evolution of the Amphibia the fringe of the dry 
land, the territory between land and water, had been con- 
quered, but not the dry land as a whole. Once again, after 
millions of years during which the Amphibia were the highest 
vertebrate type, evolving life was confronted with a situation 
in which a premium was placed upon a further advance : 



Fig. 77. 

Table to illustrate the share of the processes of aggregation and 
individuation in progressive evolution. Aggregation consists in the 
biological union of a number of separate organic units. The union may 
be physical, as in colonial Rydroids, or effected through sense-organs and 
behaviour, as in gregarious mammals or insects. Individuation consists 
in the specialization and division of labour of parts within the whole. 
The parts specialized may be the units employed in aggregation, or 
other parts, of smaller or larger magnitude. Metameric segmentation 
is treated as a partial form of aggregation (multiplication of one body- 
region). 



General Processes of Evolution 237 

animals bom with heritable variations making it possible 
for them to live farther and more permanently away from 
water would become heirs of a rich unoccupied territory. 
Thus it was that the Amphibia, after themselves arising from 
the fish, in their turn gave origin to the reptiles. 

In the same way, in the continual struggle that is going 
on in mammals or birds between herbivore and carnivore, 
pursuer and pursued, each new advance in speed and size 
or strength in one party to the conflict, must call forth a 
corresponding advance in the other, if it is not to go 
under in the struggle and become extinct. The striking 
improvement in the running powers of the horse family 
during its evolution, evinced in increase of size, lengthening 
of the legs, reduction in the number of the digits, and 
development of a well-formed hoof (see fig. 78), and the 
similar improvements that occurred in other Ungulates, 
were accompanied by a corresponding increase in the size, 
speed, and power of the group of Carnivora during the 
same geological periods. Each was at the same time the 
cause and the effect of the other. 

A precisely similar state of affairs is often to be seen in 
the evolution of the tools and weapons and machines of man. 
For instance, in naval history, the increase throughout the 
nineteenth century of the range and piercing power of pro- 
jectiles on the one hand, of the thickness and resistance of 
armour-plate on the other, provides a very exact parallel with 
the simultaneous increase of speed and strength in both 
carnivores and their prey. In Nelson’s time, the men-of-war 
were built of unsheathed wood, and the guns fired round 
iron balls, with a maximum range of a few hundred yards. 
To-day, battleships carry 15-inch guns which fling steel- 
capped and pointed projectiles, laden with high explosive, 
for a dozen miles or so, while the armour-plating of heavily 
protected ships may now reach a thickness of a foot or even 
more of specially-treated nickel steel. 



Fig. 78. To illustrate the Evolution of the Horse, from the 
Eocene period till to-day. 

The earliest types are placed below. The number of digits on both 
limbs is slowly reduced ; the middle digit is enlarged and specialized as 
a hoof ; the fore-arm is strengthened by the fusion of radius and ulna, the 
ulna in its distal part disappearing ; the hind limb is strengthened 
by the disappearance of the fibula and corresponding enlargement of 
the tibia ; the length of the tooth is increased ; its grinding surface becomes 
more complex. In addition (see fig. 79) there is an increase of size and 
change of proportions. 
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During the interval, progress has been steady and gradual 
in both departments of naval warfare, each advance in 
efficiency of guns being the stimulus for new invention in 
the methods of protection, and vice versa. 

It is when there is a general increase of the animal’s 
powers of control that we speak of progress ; when the in- 
crease is in one special particular only, we speak of specializa- 
tion. For instance, the horse is specialized for running, the 
mole for burrowing, the bat for flying, the whale for a marine 
life, the lion for catching and devouring large animals, the 
sloth for living in trees. Each of these animals is well 
adapted for its particular mode of life, but each is by that 
very adaptation quite cut off from leading the life of any 
other. During the late Secondary period there existed 
similarly specialized types of animals. For example, the 
Ostrich Dinosaur was adapted for running, the Ichthyosaur 
for life in the sea, the Tyrannosaur for preying on large 
animals, the Pterodactyl for flight, and so on. But all the 
former list of animals are mammals, all the latter were 
reptiles. The mammals are higher in that they possess 
proper temperature-regulation, for instance, and better pre- 
natal care of their young, as well as in many other points. 
Thus, while the types of specialization, or of adaptation to 
particular modes of life, are somewhat similar in the two 
cases, yet each member of the first group is higher than any 
member of the second, because its general organization is 
on a more efficient level. 

Whenever a new group of animals is evolved, it is found 
that its members soon become specialized in different direc- 
tions, thus filling up different vacant places in the economy 
of Nature. This adaptation to different modes of life, while, 
as we have seen, we call it specialization when we are thinking 
only of one species of animal, is called adaptive radiation 
when we are thinking of the group as a whole. All fish, for 
instance, breathe by gills, possess fins as limbs, and have 
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other characteristics in common, so that any member of the 
group can be at once recognized by a brief examination of its 
structure. Yet the detailed form of different species of fish 
is extremely varied. Besides the ordinary type of active, 
free-swimming fish, like the herring or trout or mackerel, 
there are fish flattened in adaptation to life on the bottom, 



Fig. 79. Photograph op the skeletons of the small, ancestral horse 
Eohippus from the Eocene, with four toes on the fore-foot, and of the Miocene 
horse Hypohippus, with three toes on each foot, the central toe the largest. 'I'he 
later form shows considerable increase of size, and of relative length of limbs 
and neck, 

some flattened sideways, like the sole and plaice, others 
flattened from above downwards, like the skates and rays ; 
there are elongated fish like eels and pipe-fish ; there are 
fish with prehensile tails, like the sea-horse ; there are the 
flying-fish adapted for leaping long distances out of the 
water ; mottled fish of irregular outline adapted for living 
on rocks ; deep-sea fish with wonderful phosphorescent 
organs for searchlights and huge eyes for perceiving the 
faintest trace of light ; cave-fish without eyes at all ; sucker- 
*582.4 u 
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fish adapted for sticking tight to the underside of stones, or 
for being carried about by larger fish without expending any 
energy themselves ; and so on and so forth through almost 
every conceivable sort of form possible in an under-water 
existence. 

The examples previously mentioned give an idea of some 
of the adaptive radiation which has taken place in reptiles 
and in mammals ; very similar instances could be taken from 
any other large group, such, for instance, as the insects. It 
is interesting to take any such group and to see what part 
adaptive radiation has played in giving rise to the main 
sub-groups into which it is divided (see fig. 8o A and b). 

There is one particular form of specialization which we 
have not so far mentioned ; and that is the retrograde form 
of specialization known as degeneration. There are many 
cases known where animals can be definitely shown to be less 
highly organized to-day than were their ancestors in the past. 
The animal known as Sacculina, for instance, is a parasite 
upon various sorts of crabs. It consists of a mere bag filled 
with little else but reproductive cells, and sending out a 
whole series of branched roots which penetrate the crab^s 
body in all directions and suck nourishment out of it. At 
first sight, the relationships of this unpleasant creature are 
very difficult to determine. But when its development is 
investigated, it is found that it hatches out of the egg as 
a free-swimming larva exactly like those found in many 
Crustacea. It has jointed limbs, an external skeleton made 
of chitin, and in fact bears all the distinguishing marks that 
other Crustacea do, be they crabs or lobsters or shrimps or 
water-fleas. It is, in fact, a crustacean which has become 
adapted to a parasitic life ; and in so doing it has acquired 
special adaptations, such as the root-like organs, specially 
suited to that life, while it has lost sense-organs, limbs, 
digestive system, and everything else necessary for leading 
a free and independent existetice. It has lost more than it 
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has gained, its organization has become simpler, its indepen- 
dence less ; in fact it has gone down the evolutionary hill, 
and the direction of its history has been in most ways the 
opposite of the direction which characterizes biological 
progress (see fig. i). 

The form in which Sacculina hatches out resembles in 
general many crustacean larvae ; but it is particularly like 
the early stages of the animals known as barnacles. Every 
one who has been to the seaside knows what an acorn 
barnacle looks like — a little creature attached to rocks or 
piles, enclosed in a white shell, and capable of sending out 
of a slit in the top of the shell a regular sweep-net composed 
of a number of ‘ arms * — really appendages — with which it 
drags minute floating particles of food in towards its mouth. 

Even in the adult state a barnacle shows some resemblance 
to ordinary Crustacea, especially in its jointed limbs and 
chitinous external skeleton ; the early free-swimming larva 
clinches the matter and gives complete proof, as in the case 
of Sacculina, of their crustacean nature and affinities. The 
very close resemblance of the larva of barnacles to that of 
Sacculina points to an especially close connexion between 
the two sorts of animals ; and as a matter of fact, the two 
are undoubtedly descended from a common stock. 

The barnacle is degenerate as well as the Sacculina, but 
it is not so degenerate. It still, for instance, possesses organs 
for capturing and digesting food. On the other hand, it has 
lost its organs of special sense and of locomotion. Further, 
it is not adapted to the same general mode of life as is 
Sacculina ; it is not parasitic, bur sedentary or sessile. This 
settling down and becoming fixed is the other great cause, 
besides parasitism, of degeneration in animals ; as would be 
expected, the degeneration due to a sedentary life is rarely 
so great as that due to parasitism, since the sedentary animal 
does not obtain its food ready- digested as do most parasites. 

It must not be supposed that because the general rule 
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among animals is that time brings change, that therefore 
time invariably brings change. The common lamp-shell 
Lingula, for instance, has persisted without any appreciable 
change whatever in the structure of its shell for the pro- 
digious period of time, certainly over five hundred million 
years, which has elapsed since the Cambrian epoch in the 
Primary period. Even when individual species have changed, 
the general characters of groups have often persisted with 
very little modification, as, for instance, those of dragon- 
flies since the coal-measures, of shark-like fish since the 
Silurian. 

In some cases this may mean that for some unknown 
reason the species or the group has lost the power of varying 
to any considerable extent. More often, probably, it so 
admirably fills one particular niche in the order of things, 
and a niche which stays the same throughout the geological 
periods, that it pays for the animal or the group of animals 
to stay as they are, leaving it to other groups or to other 
branches of the same group to colonize new niches and to 
progress towards fuller existence. 

To sum up, we may say that two main types of evolutionary 
change result in animals (and also, as a matter of fact, in 
plants) from the struggle for existence and the constant 
appearance of inheritable variations. In the first place, once 
a new type or plan of structure has been evolved, it under- 
goes adaptive radiation ; in other words, there are developed 
a number of separate species all built on the same general 
ground-plan, but adapted to different and usually incom- 
patible modes of life. In the second place, new types and 
new plans are continually appearing as time goes on, and 
progress is marked by the fact that among the later-evolved 
types there is to be found greater complexity of organization, 
greater control and independence of environment, than 
among the earlier. 

It might perhaps be thought that specialization was often 
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the same thing as progress. Specialization, however, implies 
close adaptation to one particular mode of life, while progress 
means greater general efficiency. If we look into the actual 
history of animals in the past, we find that specialization in 
one direction involves the sacrifice of possible advance in 
other directions, and is a barrier in the long run to any but a 
quite limited degree of progress. As a result of its long course 
of specialization, extending for tens of millions of years 
through the better part of the Tertiary epoch, a specializa- 
tion all tending towards greater efficiency in running and 
browsing, the horse stock has, it seems, cut itself off from 
the possibility of adapting itself to other modes of life — to 
a life in the water or in the trees, or to a carnivorous habit. 
There is a limit to the perfection which any line of specializa- 
tion can attain. While the horse was growing larger, develop- 
ing hoofs, reducing the number of its digits, another and 
wholly different type was being evolved in the person of 
man. If it were not that horses are useful to man, and are 
accordingly domesticated, they would now be wholly or almost 
wholly extinct. The ‘ natural ' enemies of the horse are the 
large carnivores. These are built on the same general plan 
as the horse — the mammalian — and indeed are the results 
of the specialization of the same plan in another direction. 
The same limits are thus set to them as to the horse stock. 
Before the advent of man, a state of equilibrium existed 
between the horse and its enemies, the latter not able to 
destroy the former entirely, the first not able to escape the 
payment of some toll to the second. 

But the horse came up against the wholly new biological 
conditions introduced by the new type, man ; it was in 
direct conflict with man’s cunning and tools and his habit 
of hunting in bands ; still more important, it had to compete 
with the indirect effects of the new development, such as the 
settlement and cultivation and enclosure of the land. Against 
all this the horse was powerless. It could not develop far 
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enough or fast enough to adapt itself to such sudden changes, 

and as a result it is becoming extinct as a wild species. 

Over and over again the same thing happens, and the 
specialized representative of the old type, plant or animal, 
is extinguished in competition with the specialized representa- 
tive of the new. For tree-like representatives of the horse- 
tail type, which existed in the Carboniferous period, we have 
seed-bearing trees to-day ; for pterodactyls, birds and bats ; 
for dinosaurs, the large mammals ; for the large early 
amphibians, the Stegocephalia, we have crocodiles ; for the 
abundance, both in numbers and in species, of the larger 
mammals in the Pliocene, we have the multifarious activities 
of the swarms of man. 

The new type seems always to have arisen from some com- 
paratively unspecialized branch of the old, and to have 
attained its pre-eminence by means of adaptations towards 
general instead of towards special efficiency. Man has ousted 
the other mammals from their dominant position owing to 
the development of his mind. Through his particular type 
of mind he is able to deal rationally with the problems that 
confront him ; tools, machines, tradition, civilization, and 
unexampled control and independence have been the result. 
The human mind is not merely adapted for solving one 
or two particular problems ; it represents a method more 
efficient than any previously adopted for dealing with any 
and every problem that may confront an organism. 

Man’s body is not highly specialized, and he seems to 
have arisen, through a monkey-like ancestor, from some un- 
specialized early mammalian stock like the Insectivores. Nor 
did the early mammals show any signs of specialization. All 
the fossil mammals that we know of during the time when 
the great period of reptilian dominance and specialization 
lasted were small, primitive creatures, at first sight not likely 
to wrest the palm from their powerful rivals. 

Very similar chains of events may be seen taking place in 
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the evolution of human machines and inventions. Take, 
for example, the history of transport. The most primitive 
method was the carrying of single loads by human beings 
or pack-animals. After that came the invention of vehicles 
in general and of wheeled vehicles in particular. The 
wheeled vehicle became specialized (‘ adaptive radiation ’) 
in innumerable ways. We have the war-chariot ; the rapid 
vehicle for passenger transport and for pleasure ; the heavy 
wagon and cart ; the van and pantechnicon ; the four-in- 
hand mail-coaches bowling daily at fixed hours along the 
main roads of the land. A limit was set to the capacity and 
the speed of such vehicles by the speed and strength of 
beasts of burden on the one hand, and by the imperfections 
of road-surface on the other. 

At the beginning of last century a new type of vehicle was 
evolved for which these limitations no longer existed. It 
was discovered how to replace the energy of animals by that 
of steam, and in large part to overcome the difficulties of 
surface friction by making the wheels of the vehicles run on 
metal rails. As a result, steam locomotives became for certain 
purposes the ‘ dominant type ’ of vehicle within an extremely 
short period of time. 

Here again the type itself has been improved, so that we 
have now for some time been close to the limit of its possi- 
bilities. It does not seem possible to run a profitable service 
at speeds of much over sixty miles an hour. 

About half a century later a new plan was evolved. The 
internal combustion engine was produced, and gave certain 
great advantages, notably in being ready to start at once 
without the long preparation of ‘ getting steam up *. It 
appears to be the fate of new types to lead a precarious exist- 
ence for a considerable time before they can compete success- 
fully with the dominant types of the period. This was so, 
as we saw, with the earliest mammals ; it was so for the 
steam-engine ; and it was so, to a very marked degree, for 
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the internal combustion engines. They were laughed at when 
their inventors took them out on the roads ; the law laid 
down that they should be preceded by a man with a red flag ; 
the early defects in construction did actually occasion many 
a breakdown. But within thirty years they came into their 
own. 

Meanwhile, still another competitor is in the field — the 
flying machine, a totally new type, abandoning not only the 
particular device of the wheel, but the whole element to 
which the wheel was adapted. It looks as if in certain 
respects, where speed is the main object, the aeroplane would 
become the dominant type of vehicle ; but that it would 
leave the major part of transport to be dealt with by train 
and by motor. 

Another interesting parallel with the evolution of organ- 
isms is found in the fact that although there has been pro- 
gress, although the dominant type of vehicle has altered with 
the passage of time, yet many representatives of the old types 
have survived. They have managed to survive by becoming 
restricted to a few special conditions and places. Pack- 
animals, for instance, while once universal, are now only 
employed in mountainous or roadless countries. The 
American buggy is still of the greatest use over the unmade 
roads which are still to be found in so many parts of the 
United States. The horse-drawn vehicle will long hold its 
own in businesses in which not much capital is available, 
and speed and great power are not of the first importance. 
This survival of all or almost all the types that arise in 
evolution, even though new types arise and supremacy 
changes hands, is of general occurrence in the development of 
animals and plants, and is at first sight very puzzling. How- 
ever, the insight which is gained by looking, as we have done, 
into the evolution of something familiar and human like the 
means of locomotion, helps us to understand the more com- 
plex and slower-moving processes of organic evolution. 
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Another point which is brought out by the study of the 
development of some human contrivance such as the means 
of transport, is the great speed of change now possible in 
human affairs as against the slowness of change prevailing 
in lower organisms. The whole period from the stage-coach 
to the aeroplane is comprised in well under two centuries. 
The resulting change in human habits has been enormous ; 
to produce comparable changes in the habits of an animal 
stock there would be needed a period certainly to be reckoned 
in tens of thousands, possibly in millions of years. 

On the other hand, the evolution of machines is a perfectly 
real evolution. Two different types of machines capable of 
performing the same general function — such, for instance, 
as the motor-lorry and the goods steam-engine — do come 
into a very real competition with each other, and the issue 
of the struggle is decided by a form of true natural selection, 
depending in the long run upon which of the two pays the 
better. Here again the study of machines throws light upon 
the course of events in animals. It is often supposed that 
evolution must involve some conscious effort on the part of 
the evolving organism, that the struggle for existence is a 
conscious struggle, or that a species in some mysterious way 
‘ learns ’ how to develop some new improvement in its 
structure. 

As a matter of fact, almost the whole of such ideas are 
purely metaphorical, and arise simply because we read the 
processes of our own minds into the operations of nature ; 
it is not scientifically correct to speak, for instance, of purpose 
except in relation to human minds. We see at once that the 
machines have no idea themselves of the direction of their 
evolution, that the ‘ struggle ’ between them is only a meta- 
phorical struggle, that the selection between them is so far 
as they are concerned a mere sifting process, the issue of 
which depends upon the advantages or disadvantages which 
they may happen to possess. 
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It is the same with organisms. If two races of animals 
come into competition, the issue is decided by the qualities 
which each happens to possess ; ‘ natural selection ’ is a 
name for the effect exerted by all the forces of the environ- 
ment with which they come into relation, an effect which 
acts again like an automatic sieve, and lets some through to 
perpetuate themselves, keeps back and so extinguishes others. 
The ‘ struggle ’ and the ‘ competition ’ are again usually 
metaphorical only. For instance, when the common house- 
sparrow was introduced into America, it entered into com- 
petition with many of the small sparrow-like birds which had 
developed in that country. But the struggle did not take the 
form of a war between the invader and the original inhabi- 
tants. It was an indirect struggle, due to the fact that both 
lived upon the same sort of food, both occupied the same 
sort of sites. The European sparrow happened to be endowed 
with qualities which gave it an advantage, and as a result 
it has spread enormously over the American continent, while 
many of the native birds have correspondingly decreased. 
If we wish to use a human metaphor, we can say that its 
success has been the result of ‘ peaceful penetration not of 
fighting. 

The difference between machines and organisms, of course, 
is that the machines are directly designed by man, whereas 
the place of the designer in animal evolution is (roughly) taken 
by the variation which seems to be universal in organisms. 
It is variation which provides the raw differences upon which 
the sieve of natural selection can work. Mention must also 
be made of the theories of evolution which are summed 
up under the term orthogenesis, which means evolution in 
straight lines. It is frequently found, as for instance in 
the development of the horses or of the elephants, that 
evolution as revealed by fossils proceeds straight onward 
through geological time in a perfectly definite direction — 
in the horses towards single toes and hoofs, in the elephants 
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towards great bulk, tusks, and trunk. Orthogenesis is 
sometimes used merely as a descriptive term, to denote this 
observed fact of straight-line evolution. But by others it 
is used to mean that there exists some inner necessity for 
the evolutionary line in question to develop in just that one 
way and no other. However,, a series of fossils, even if 
beautifully complete, can really give us no insight into the 
method by which its evolution occurred. Whenever the 
direction in which the series is evolving is adaptive or seems 
biologically advantageous, the orthogenetic series can be 
perfectly well explained by natural selection. On the other 
hand, there do exist cases where at least no advantage can 
be perceived by us in the direction pursued. This is so, for 
instance, as regards the Ammonites, the extinct cephalopod 
molluscs which died out near the end of the Secondary 
period. Near the close of their time on earth, they often 
evolved orthogenetically into the most bizarre forms, their 
spiral shell becoming unwound, or irregular. Possibly in such 
cases a real causal orthogenesis, an inwardly determined 
mode of variation, is at work. But we are justified in 
saying that such cases, if they occur at all, are certainly 
rare. 



XII 


THE RESULTS OF EVOLUTION : 

THE ANIMAL KINGDOM 

WE see the thousands of different kinds of animals that 
exist, and are apt to become overwhelmed with the detail. 
Each is unique, full of interesting points ; one type may be 
extremely different from another. It looks at first sight as 
if we were dealing with facts in masses too great to be 
properly assimilated. 

But, while the facts are in a sense infinite and our under- 
standing of them must always remain incomplete, yet we 
can reduce the apparent chaos to order, can get some mental 
grip on it as a whole, by means of a few general ideas and 
principles which lie ready to our hands. 

For the present purpose the general principles are three, 
all depending upon the central idea of Evolution. First, if 
evolution has taken place, some animals will be closer blood- 
relations, some more distant ; and by examining likenesses 
and dirferences, we can obtain a measure of the relationship. 
By classifying animals according to their likenesses into 
groups of various sizes, we can put any particular species in a 
labelled pigeon-hole, so to speak, where it can always be found 
again if it is wanted. What is more, since such groups repre- 
sent collections of species, our method of pigeon-holing 

has reality behind it, and we have a Natural Classification. 

Working on these lines, zoologists classify the whole animal 
kingdom into about a dozen main groups or Phyla, The 
most familiar phylum is that of the backboned animals, to 
which man belongs — the Vertebrates, or more accurately 
Chordates — ^while the insects belong to the group of animals 
with many-jointed limbs, the Arthropods ; the jelly-fish to 
the group which possesses only one cavity to fulfil the 
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function both of gut and body-cavity, the Coelenterates ; and 
so forth. Each phylum is subdivided into classes, the classes 
into orders, and so down to families, genera, and species. In 
this scheme every animal has two names, that of the genus 
coming first, and serving as a surname, that of the species 
following, serving as a Christian name. This method of 
naming was invented by Linnaeus, the great Swedish natural- 
ist of the eighteenth century. Before his time some animals 
were known only by the single familiar name like cat or pig, 
which led to confusion between different kinds of cats or 
pigs ; or, in an attempt to remedy this, by a regular description 
(just like the long ‘ name ’ of the village in Anglesea which is 
really a description, and has been cut down by the practical 
post-office to a real name, Llanfair P.G.). We must give 
names for things before we can know what we are talking 
about, and Linnaeus's system of naming animals and plants 
was a great step forward. 

In this way, then, when any species has been properly 
looked at and investigated, it can be put in its right place 
in the scheme, and if we know certain essentials about the 
characters of the main groups, we know a good deal about 
the sort of animal which the particular species is, and also 
about its relatives, their number and chief characteristics. 

The second (as also the third) principle which will help in 
ordering the facts, is concerned not with the animal's blood- 
relationships, but with its interconnexions with its environ- 
ment. Animals may evolve, but their evolution must always 
bear a close relation to the forces around it. The result of 
this is adaptation : animals (and of course plants too) always 
show some suitability to the particular conditions in which 
they live. They also are fitted to the general conditions 
which characterize our particular planet. The planet Jupiter 
is so much larger than the Earth that the force of gravity on 
its surface is about 2*64 times as much as with us. If life 
could exist on its surface (which at present it probably could 
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not) this difference in the force of gravity would have 
necessitated various special developments. Any Jovian land 
animals would have to be of a very different type from those 
on Earth ; creatures like horses or deer would be physical 
impossibilities, and great stumpy legs would be a necessity 
for existence. As to aerial winged animals, they might be 
wholly impossible ; in any case, none using any flying 
mechanism found among the aerial forms we know could 
reach more than a very small size. 

Or again, no known animal has any special sense-organ for 
detecting X-rays, or any protection from X-rays, although 
rays of this short wave-length are very harmful to life. Why ? 
— for the simple reason that X-rays do not exist in nature on 
the Earth. We have not even any sense-organs for telling 
a live rail or wire from one along which no electric current 
is passing, and many deaths occur each year in consequence. 
Although very big alterations of the environment are there 
all round the current, we cannot perceive them because in 
nature electric disturbances are either trivial in extent, or 
else occasional and uncontrollable like the lightning. 

The third principle has already been touched on — bio- 
logical progress. It is in a sense a special case of adaptation, 
but it is of importance since it enables us to think of higher 
and lower animals as well as mere relationship or special 
adaptation. 

We suppose then that life, starting in some very simple 
and probably tiny form, has gradually evolved since the day 
when it first appeared on earth, probably between one and 
three thousands of millions of years. It has evolved into the 
huge number of species — close to a million — that are known 
to-day, as well as those, probably a far greater number, which 
have become extinct on the voyage through time. 

The fundamental characteristics of life, its power of 
metabolism, assimilation and consequent growth and repro- 
duction> are found in all creatures. Their other characters, 



Fig. 8i. 

A. A Diagram of the probable relationships of the main groups 
OF THE Animal Kingdom. 

B. Diagram of the probable relationships of the main groups of 
THE Vertebrates (Chordata). 

The diagrams are arranged in the form of a genealogical tree, with 
a few of the main steps in evolutionary advance indicated at the side. 
A dotted line leading to a group indicates that the position assigned to 
the group is doubtful. Descending lines indicate evolutionary degenera- 
tion, Some of the smaller and less important groups are omitted. 
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almost without exception, are the outward and visible sign 
of the mode of life they need, imposed upon them by the 
necessities of existence. 

With these main ideas in mind we may turn to the actual 
Animal Kingdom as it exists to-day and in the record of 
fossil species, and see what we can make of it (see fig. 8i A 
and b). 

Nothing certain is known — probably nothing ever will be 
— about the form in which living matter originally existed on 
Earth. It is pretty clear, however, that the units must have 
been small, and that one of the earliest types of organization 
evolved was what we may call the cellular, in which the whole 
animal or plant consisted of a single cell with a single nucleus. 
This fundamental type, although with great diversity of de- 
tail, is found in the great group of Protozoa, all of which are 
essentially single cells or quite simple colonies of cells. 

Such a unit can never be much enlarged, for the simple 
reason that as its mass — that which has to be fed and pro- 
vided with oxygen — increases as the cube of its radius, 
its surface — through which its food and its oxygen must 
come — increases only as the square. If a Protozoan should 
treble its diameter without changing its shape, it would have 
multiplied its surface by nine, but its bulk by twenty-seven, 
— three times as much. It is as if an island depending on 
imported food were to increase the population to be fed 
without a corresponding increase in docks, ports, and other 
import facilities. In spite of small size, however, some 
Protozoa attain very considerable complexity (fig. 82). 

Various methods for circumventing this limitation are 
found among Protozoa. In some the body becomes elon- 
gated, in others partly divided into a series of chambers, in 
others, again, flattened and ribbon-like ; the number of nuclei 
in the cell is often correspondingly increased. But this never 
leads to any size which we could dignify as even moderate ; 
and few are the Pi otozoa which are visible to the naked eye. 
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A great number are parasitic, and some are the active 
causes of serious diseases, such as malaria, sleeping sickness, 
and one kind of dysentery. Some are even parasitic upon 
other Protozoa (fig. 82). 

Reproduction is by fission, usually, as in the cells of our 



Fig. 82. To illustrate {a) the complexity which may be attained by 

UNICELLULAR ORGANISMS, {b) PARASITISM IN PROTOZOA. The figures represent 
the Ciliate Stylonychia rnytili4S infested with parasitic Acinetans. Stylonychia 
possesses a special band of large cilia beating towards the gullet, long stiff cilia 
at the sides, and on the ventral surface large, often bent, organs consisting of 
several cilia fused together, by means of wliich it creeps over the substratum. 
P, parasitic Acinetans (Protozoa related to the Ciliates). These multiply within 
the host, and liberate small ciliated forms {c.e.) for dispersal. (Minchin, Intro- 
duction to the Study of the Protozoa.) 


own body, by equal fission ; sometimes by multiple fission. 
In most species at least, a form of sexual reproduction occurs 
at regular or irregular intervals. It is interesting that in 
a number of cases the conjugating cells, instead of being 
sharply distinguished into male and female, as with the 
sperm and eggs of higher forms, are nearly or even wholly 
alike. Thus, the Protozoa teach us that the essential thing 
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about sexual reproduction is not the existence of two sexes 

but the union of two nuclei into one (fig. 83). 

One of the facts about Protozoa most curious at first sight 
is that in them natural death does not exist, or at any rate 
only affects small parts of the body. When they divide, or 
when they undergo sexual fusion, nothing is left which can 
be compared to a corpse, and the substance of the original 
individual becomes directly transformed into two new indi- 
viduals. The only death is accidental death, due to enemies 
or to bad conditions. Natural death has not yet appeared. 

Increased size (up to a certain but very large limit) is 
obviously in many ways of biological advantage. A larger 
organism is less at the mercy of external agencies, less liable 
to the attacks of enemies. It is only when bulk is very great 
that serious disadvantages arise. 

Many bacteria are so small that they still show ‘ Brownian 
movement ’, in other words, their mass is so little larger than 
that of a molecule that the random movements of the mole- 
cules of the liquid in which they live can batter them and 
throw them from side to side. In most Protozoa and all 
higher animals this is no longer possible. 

The force of surface-tension is enough to catch and hold 
fast many small insects if they fall on to still water, while 
no vertebrate has to face this inconvenience. Or again, the 
fastest-swimming Protozoa, or the little Crustacea called 
Copepods, or the larvae of crabs and lobsters, are powerless 
in the ocean currents which a herring or a mackerel breasts 
with ease, while the elephant or the deer crashes through 
saplings each of which is a world to hundreds of small 
creatures. 

A method adopted by many Protozoa for reaping some of 
the advantages of size without the necessity for enlarging the 
individual cells is the formation of colonies. When fixed, 
these can produce strong feeding-currents by the united 
action of all their cells, and can raise themselves on a common 




Fig. 83. Structure and life-cycle of a Protozoan {Copromonas). The animal is 
a cell with a single nucleus (N), and a long whip-lash or flagellum {tr.) with which it swims. 
Food ifv.) is taken in at the mouth {cst.) into the gullet {cph.) and comes to lie in the 
protoplashi of the cell. jB, C, D, asexual multiplication by simple fission. In B, the 
nucleus is dividing ; in C, the body has begun to divide ; in D, division is just com- 
pleted. 2-8, sexual fusion. Two similar individuals become attached (2) and behave 
as gametes, fusing their cell-bodies (3-6) and nuclei (7) to form a single cell or zygote. 
After passing through a resting-stage (7) this emerges (8) and grows up to the normal form 
(A) once more. Sometimes, as at V, the zygote does not pass through the resting-stage ; 
at other times a normal individual passes directly into a resting-stage (A-j) without sexual 
fusion. 
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stalk beyond the competition of the common herd of non- 
colonial unicellular animals and plants on the surface of the 
same stick or stone, while, when free-swimming, they can 
develop greater speed (see fig. 84). 

Sometimes a division of labour is found between different 
individuals of the colony, some serving for locomotion and 



Fig. 84. A Protozoan Colony, without division of labour. The animal 
Codosiga belongs to the Choanoflagellates, a group of Flagellates in which 
a transparent collar of protoplasm surrounds the flagellum. The same arrange- 
ment is found in the cells of the inner layer of sponges. The colony is formed 
through the failure of the daughter-individuals to become completely separated 
after fission. 

feeding, others solely for reproduction. When this is so, it 
is really hard to say whether the colony is to be considered 
as a simple colony, a mere aggregate ; or as itself individual — 
a compound individual of a different grade from the single 
cells which compose it (fig. 85). 

Although the actual links are missing, there can be little 
doubt that all higher animals arose from Protozoa in this 
kind of way— by the aggregation of a number of cells into 
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a colony, followed by a division of labour in the colony, first 
between reproductive cells and the others, which now merit 
the name of somatic or body-cells, and finally, by a further 
division of labour among the somatic cells into two layers, 
the outer protective and the inner nutritive. 



Fig. 85. A colonial ProIozoan, Zootkamnium, IN which division of 
LABOUR HAS TAKEN PLACE. Feeding is done by the bell-shaped individuals, while 
the larger, round individuals reproduce the colony. 

This particular step in evolution seems to have been taken 
twice over by different animals, leading on in one case to the 
sponges, in the other to the whole of the rest of the animal 
kingdom. 

Sponges are almost unique among animals, for they have 
no mouth. They feed, as do so many of the smaller aquatic 
creatures, on microscopic particles of food extracted from 
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a current which the animal passes through its body. In a 
sponge the current is sucked in through a great number of 
microscopic pores, and shot out at a single large opening, 
the osculutn (fig. 86). 

The cells that make the current are of a strange and inter- 
esting type, found nowhere else except in one small group of 
Protozoa. They each have a single actively beating flagellum, 
and are called collar-cells because this is surrounded by a 
delicate, living, transparent funnel or collar, which seems to 
help entangle food-particles (see fig. 84). 

Each of the collar-cells feeds separately from all the others ; 
there is no proper digestive cavity, no common function of 
digestion for the whole animal. In this the sponges betray 
how little they have advanced from a mere colony of separate 
cell-units. The products of digestion diffuse out from the 
collar-cells to other parts of the sponge, or may be trans- 
ported by special wandering cells. 

No sponges possess any sense-organs or nerves, and the only 
movements they can execute are slow closures and openings 
of the osculum and pores. As might therefore be expected, 
they are all permanently fixed to the bottom throughout 
adult life. Their characteristic form is maintained by a 
skeleton of spicules or fibres. Our bath-sponges, like many 
other species, are colonial, composed of a large number of 
sponge-bodies aggregated together. This can be seen from 
the fact that they possess many oscula instead of only one. 

The sponges thus represent an early side-line in evolution, 
along which life never developed far. They are often put 
in a group Parazoa, as distinguished from the true Metazoa 
or all the rest of the many-celled animals. 

In the evolution of the Metazoa one of the earliest ‘ in- 
ventions ' must have been that of a mouth leading into a 
primitive digestive cavity. This enabled Metazoa to tackle 
relatively large animals and plants as prey, whereas a sponge, 
by its whole construction,^ can never rise above microscopic 
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particles — sifting the water for the sake of its debris as men 
sift rubbish-heaps for the few useful objects they may 
contain. 

Metazoa, too, must have been fixed and sessile animals at 



Fig. 86. A young Caixareous sponge {Sycon) soon after metamorphosis. 
o, osculum, from which the water is discharged which is taken in at the numerous 
pores, p. sp^, long rod-like spicules, serving mainly for protection. sp2, smaller 
three-rayed spicules embedded in the body-wall and serving mainly for support. 
The animal is permanently fixed by the end opposite the osculum. The animal 
grows largely by the addition of thimble-shaped outgrowths, the flagellated 
chambers, the first row of which is seen in the centre of the body. {Cambridge 
Natural History, vol. i, 1906.) 

the start, only later arriving at the emancipation of a free- 
swimming existence. Their simplest representatives are all 
put in the phylum Coelenterata. A primitive coelenterate is 
essentially a small bag or tube, its walls made of two sheets 
of cells. It is fixed at one end, and has a mouth, surrounded 
by tentacles, at the other. The mouth leads into a cavity called 
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the coelenteron, because it fulfils the functions both of the 

coelom and of the enteron or gut of higher forms. 

Such a type is illustrated in the common freshwater polyp 
Hydra, which catches water-fleas and such- like (relatively) 
large prey as it droops from a water-plant with hanging net 
of extended tentacles. The prey is held and paralysed by 
a strange device. All over the body, and especially on the 
tentacles, are numbers of ‘ thread-cells ^ capable when 
stimulated of throwing out a hollow barbed thread con- 
taining poison. These thread-cells occur throughout the 
group ; in some of the larger species, such as large jelly- 
fish, they can inflict unpleasant damage on man, and even 
those of a sea-anemone can pierce our skin and make it 
tingle (see fig. 87). 

In yet another respect even the lowest coelenterates are 
more advanced than the sponges ; they have muscles all 
along the body, so that the whole animal and not only 
isolated parts can be expanded or contracted. These muscles, 
however, are (at least in the lower coelenterates) of a very 
primitive nature, since they are only the inner ends of the 
epithelial cells forming the chief bulk of the two layers of the 
animal. Division of labour has not gone so far as in higher 
forms : the same cell contracts with one part of itself, protects 
or digests with the rest. So a village shop often performs 
post-office functions in one part, grocery functions in another, 
and stationery functions in a third, while in a town there will 
be separate shops for each function. 

Most if not all of the group possess nerves, and at least 
scattered sense-organs for perceiving touch-stimuli. 

The most important contribution made by coelenterates 
to evolution was perhaps the first emancipation of Metazoa 
from a fixed existence on the bottom or attached to water- 
plants or floating objects to become free-swimming. 

Imagine a polyp like Hydra turned upside-down, the jelly 
between the two cell-layers much thickened, and the region 
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between mouth and tentacles pulled out. This would give 
a fair idea of the way in which a typical free-swimming 
coelenterate is constructed. Sueh animals are called Medusae, 
orjelly-fish(fig.89). While the smallest are microscopic, many 




Fig. 87. A. A portion of a tentacle of Hydra, magnified, showing a number 
of stinging capsules (nematocysts) contained within the cells (thread-cells) which 
have formed them. From these cells project trigger-hairs, c/, whose stimulation 
probably causes the discharge of the thread coiled up within the stinging capsule. 
The central cavity of the tentacle, which communicates with the general cavity 
of the body, is seen, and the two layers of cells, endoderm and ectoderm, which 
surround it. 

B. The aquatic larva of an insect after being captured by a Hydra. It is 
stuck all over with stinging capsules. Their threads have been discharged into 
the animal’s tissues, and their basal barbs are seen. (Hegner, Introduction to 
Zoology y 1910.) 

are over a foot across, and a few are much larger still (up to 
nearly 8 ft. in Cyanea) and must weigh at least half a ton. 

In spite of their size, however, their swimming is of a 
rudimentary kind. They are never swimming anywhere in 
particular, but drift near the surface of the sea ; all their 
muscular energy is devoted to preventing themselves from 
sinking. Almost the only movement they can execute is the 




270 Results of Evolution 

simple contraction of the bell, more strongly or less strongly 
according to circumstances. Accordingly, they have no need 
of an elaborated nervous system. As a matter of fact, that 
which they and other coelenterates possess is of a primitive 



lines represent the outer and inner margins of the body-wall. The nerve-net 
is figured m surface view over one tentacle (on the right), the base of the mouth, 
and the main part of the body and stalk. Note the absence of any central 
nervous system, but the greater concentration of the net in the more sensitive 
mouth-region. The black dots on the nerve-net are bodies of nerve-cells. The 
hemispherical black bodies in the tentacles are ncttle-cells. 


type known as a nerve-net, in which the sense-organs com- 
municate with a network of nerve-cells branching all over the 
body, which in their turn communicate with the muscles. 

The main nervous -system of a vertebrate can be compared 
with an elaborate telephone system. The nerve-net is some- 
what like a telephone system in which every time any receiver 




Fig. 8o. A Hydroid Polyp (Bougainvillea), A. A small colony, natural size. 
Note the root-like stolons acting as hold-fasts. B. A Portion of a colony, mag- 
nified, showing nutritive individuals or hydranths (hyd.) and sexual f r - 
swimming individuals or medusae (med.) in various stages of formaUon. The 
indkidu Js are all joined to a common stem, through the whole 
common cavity (ent. cav .) ; the colony is supported and 

horny skeleton (cu.). c. A medusa or jelly-hsh after being , 

colony. The mouth is in the centre of the handle-like 

protrudes downwards into the hollow of the swimming-bell. 

canals (rad. c.) connect the stomach above the mouth with a circular canal 

far c )) At the base of each pair of tentacles is an eye-spot {oc.)^nd a balancing 

organ. (After Allman, from Parker and Haswell, Text-book of Zoology, 1 , 1897.) 
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was taken off its hook all the telephone bells of all the sub- 
scribers would start ringing. This sounds inconvenient ; but, 
as a matter of fact, as the * subscribers ’ are the muscle- 
fibres, and as in jelly-fish they are all engaged in doing the 
same job in the same way, it is a good thing that all of them 
can be speeded-up or slowed-down by a single stimulus to 
one of the sense-organs. 



Fig. 90. A view at low water on the Great Barrier Reef of Australia, showing 
various kinds of corals; each of them a colony of many thousands of polyps. 
(After Saville Kent.) (From Hesse-Doflein, Tierbau und TierUben^ II ; Teubner, 
Leipzig & Berlin.) 

In ourselves the intestine has to carry out movements of 
the same sort — the constant succession of peristaltic waves 
of contraction may be slowed, or accelerated, or in rare 
cases reversed in direction, but nothing more elaborate. 
And it, too, possesses a nerve-net not unlike that of the 
coelenterates. 

If one desires to visualize evolutionary progress, one may 
do worse than to remember that in its nervous and muscular 
organization a jelly-fish, for all its beauty, is pretty much on 
the level of the human gut. 

Colony-formation is very frequent in coelenterates, largely 


The Animal Kingdom 273 

as a consequence of the ease with which budding occurs (fig. 
89) . Corals are coelenterates and coral-reefs the accumulation 
of the skeletons of these little colonial polyps. Although there 
are very few coral-like animals round the English coasts 
to-day, in part of the secondary geological period they were 
abundant. Oxford was near the centre of a coral sea ; and 



Fig. 91. The anatomy of the Liver-fluke {Distomum hepattcum), A. Di- 
gestive and nervous systems. The gut (black) is much branched. The central 
nervous system consists of a pair of main lateral trunks arising from a cerebral 
ganglion forming a collar round the pharynx. M., mouth. C.G., cerebral 
ganglion. V.S., ventral sucker. B. Reproductive system. _ All parts of this are 
branched. G.O., genital aperture. T., testis. Ov., ovary. F.G., yolk-gland. 
SH.G., shell-gland. C/T., ‘ uterus ^ (receptacle where eggs develop after ferti- 
lization. C. Much-branched excretory system. Ex.P., excretory aperture. 
D. Enlarged view of region near genital aperture. 

on the hills round the town one can dig out any quantity of 
fossilized corals (see fig. 90). 

Not only are some medusae very large, but the sea- 
anemones, too, have found means to multiply very consider- 
ably the original insignificant size of the primitive polyp. 
This they have done by increasing the thickness of jelly 

2582.4 « 
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between their two layers, and by dividing their enlarged 

central cavity by a series of strengthening partitions. 

But both these and the jelly-fish seem to have been blind 
alleys for developing life. The main stream flowed elsewhere. 

All higher groups abandon the radial symmetry of the 
coelenterates and are (permanently or in early stages) bilaterally 
symmetrical, and therefore have a definite head-end and a 
back and belly. They also all early develop three main layers. 
The outer produces nervous system, sense-organs, and outer 
skin or epidermis ; the inner produces the digestive tube 
and its appendages like digestive glands, &c. ; the middle 
produces muscles, connective tissue, reproductive organs, 
blood-system, and, in vertebrates, kidneys and skeleton. 

The lowest of these three-layered forms are the flatworms, 
with which we have already become familiar in the person 
of the Planarian (p. 171 and fig. 53). They possess no 
skeleton, no respiratory organs, no blood-system, no body- 
cavity, but only cellular ‘ packing ’ round the main organs, 
and only one aperture to the digestive cavity. Owing to the 
absence of blood-circulation, they must in the first place be 
flat and leaf-like, to put all tissues within range of oxygen 
diffusing from the surface. In the second place, they must 
have their gut and all their organs finely branched (fig. 91). 
This is necessary so that the tissues of all organs may be able 
to acquire food by diffusion directly from the gut. Once a 
circulatory system was evolved, all necessity for this extra- 
ordinary branching of organs came to an end. The flat- 
worms, however, show a great advance on the coelenterates 
in possessing a definite central nervous system with head- 
ganglia or primitive brain. 

Space forbids more than a bare mention of two consider- 
able other groups of worms, the round- worms or Nematodes 
and the Nemertines. They are chiefly of interest to us in 
that they show stages in the development of new cavities 
in their bodies in addition to the digestive tube. The round- 
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worms have a spacious cavity which probably corresponds 
to the blood-system of higher forms, although there is no 
true circulation in it, while the Nemertines show what is 
probably the beginning of the coelom. In addition, their 
digestive tubes have acquired a second opening, the anus, 
at the opposite end to the mouth, so that the faeces can for 
the first time in Metazoa pass out at a different aperture from 
that at which the food is taken in. 

The tiny rotifers or wheel-animalcules, familiar to all who 
use the microscope to investigate the population of freshwater 
ponds and ditches, are at about the same level of evolutionary 
advance as the round- worms. They very much resemble the 
larvae of segmented worms and of molluscs, however, and 
are perhaps to be considered as animals which have become 
degenerate by never growing up but remaining permanently 
in an early stage of what was once a longer development. 

Save for a few exceptional cases, all the remaining mem- 
bers of the animal kingdom, which are sometimes grouped 
together as Coelomata, are characterized by the possession 
of three main layers — an anus, a true body-cavity or coelom, 
and a true blood-system. 

The advantages accruing from these advances are clear. 
In the first place, the contraction of gut and muscular body- 
wall can now become more and more independent of each 
other, instead of the gut being squeezed or pulled out accord- 
ing to the movements of the whole animal. In the second 
place, a sort of trap is interposed between the gut and the rest 
of the body, in which poisons and actual bacteria passing 
in from the digestive tube can be dealt with. In higher 
vertebrates patches of tissue which produce white blood- 
corpuscles are found scattered over the inner wall of the 
coelom where it covers the intestine ; while in many low 
forms such as worms, many white corpuscles laden with waste 
materials are found in the coelom, there to break down, and 
to be carried away by the excretory organs. 
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(Fig. 92) 

TABLE OF COMPARATIVE SIZES 

grams 

1057 X 1*8 — minimum weight of universe 

1033 X 2 = weight of sun 

10^7 X 6 — weight of earth 

1024 X 7 = weight of moon 

10 ^° 

Big Trees of California (by volume, c.c.) 

109 

Largest oaks and elms (by volume, c.c.) 

Largest whales 

10 ^ 

Largest Dinosaurs (Brontosaurus, Diplodocus, &c.) 
Largest fish (basking shark) 

107 

Largest extinct purely terrestrial animals (extinct elephants) 
Largest existing purely terrestrial animals (elephant, 
rhinoceros) 

Largest molluscs (giant squids) 

Note. — The figures are for adult specimens only. (For smallest parasitic 
Protozoa, the full-grown form found in the Vertebrate host has been taken.) 

The sizes are given as weights in grams (except in a few stated cases, where 
volumes in c.c. are given). In most organisms, weight in grams will be close to 
(usually slightly greater than) volume in c.c. It will be seen that the largest 
organisms are lO^S as large as the smallest known. The sun is over 10^4 times 
as large as the largest organisms ; the whole universe, according to calculations 
based on the Einstein theory, at least loM times as large as the sun. The smallest 
organism is lo’* as large as the smallest known particle of matter. The range of 
size of organisms is therefore over a quarter of the total range of size within the 
universe. 

The size-ranges of different groups (number of times the largest exceeds the 
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Very large cart-horse 

Average cart-horse and cow ; red deer, alligator 
Largest jelly-fish (Cyanea arctica) 

Largest flightless birds (Moa, Aepyornis, large Ostrich) 
Very stout man 

Largest lizards (Varanus komodensis) 


Average man and woman. Sheep, wolf 

Largest flying birds (condor, albatross, tame swans) 

Largest bivalve molluscs (Tridacna, &c.) 

Largest Arthropods (Japanese spider-crab, very large 
lobster) 


Fox, cat ; bustard, wild swan 

Fowl, rabbit, largest frogs, largest cell (yolk of Aepyornis 

egg) 

Largest hydroid polyp (Branchiocerianthus) 

Largest Brachiopods (Productus giganteus), largest Echino- 
derms (sea-lilies, urchins, sea-cucumbers, and starfish) 
Largest worms (e. g. Eunice Rousseaui) 


103 

Pigeon, kestrel ; herring ; rat ; bull-frog 

10 ^ 

Thrush, sparrow ; mouse ; common frog 
Largest insects (Goliath beetles) 

Largest spiders (South American bird-eating spider) 


smallest number of the group) are very different. That of the Vertebrates is 
lo^o. Among the Vertebrates the mammals have lo* (land mammals io7), 
birds 105 (flying birds only io4), fish lo^. The Arthropods have also 
(Insects only lo^). The molluscs and Coelenterates have the largest value of 
any Metazoan groups, viz. io“. The Brachiopods, Echinoderms, and Rotifers 
have all small ranges (io7, lo^, and io5 respectively) ; that for the Rotifers is 
only io4 if the small degenerate males are excluded. Worms have a value of 
lo^o. Free-living Protozoa have a range of io“, equal to the highest in the 
Metazoa. If the parasitic forms are included, the range is increased lOO times, 
to io‘3, thus giving the greatest value for any group. 
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Wren, Willow Warbler 
Smallest mammals (pigmy shrew) 

Largest non-colonial Protozoa (Nummulites — all now 
Smallest birds (Humming-birds) [extinct) 

Common earth-worm 

10 ® 

Honey bee ; largest ants 
Amphioxus 

Smallest fish (Cyprinodonts, e. g. Heterandria formosa) 

10-* 

Smallest vertebrates (tropical frogs, e.g. Phyllobates lim- 
batus) 

House-fly, most ants 

10-* 

Largest British water-flea (Daphnia) 

Hydra fusca. Smallest Echinoderm 
Largest Rotifers 

10-3 

Smallest Brachiopod (Zellania or Thecidia) . Common flea 
Average Daphnia 

10-4 

Smallest molluscs (e. g. Acme stussineri) 

Small Daphnia 

Medium-sized human striated muscle -fibre 
Most parasitic Chalcid wasps 

10-5 

Human ovum' 

Smallest insects (beetles and parasitic Chalcid wasps) 
Smallest Polychaete worms (e. g. Syllides opisthodonta) 
Smallest Crustacea (Daphnids) 

Smallest Coelenterate (Microhydra) 

10-^ 

Large Paramecium 

Large sensory neuron of dog (cell-body alone, without 
axon and dendrites) 

Smallest worms (Archiannelids) 

Smallest female Rotifers 
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10-7 

Average Vorticella 

Largest vertebrate red blood-corpuscles (Amphibian, e. g. 
Amphiuma) 

Smallest male Rotifers (smallest Metazoa) 

Human smooth muscle-fibre from intestine 
Human liver-cell 

lO-S 

Cell-body of small sympathetic neuron (dog) 

Dysentery Amoeba 

10-9 

Islet cell of human pancreas 
Frog’s red blood-corpuscle 
Trypanosome of sleeping sickness 
Human white corpuscles 

10-^0 

Human red blood-corpuscle 
Maximum size of malarial parasite in man 
Human spermatozoon 
Smallest free-living Protozoa (Monas) 

lo-n 

Anthrax bacillus 

10-^2 

Tubercle bacillus 
Bacteria (cocci) of pus 

Smallest parasitic Protozoa (Theileria in ox blood-corpuscle) 

10-^3 

Average cocci (round bacteria) 

10-^4 

Smallest visible bacteria (e. g. Bovine pleuro-pneumonia) 
Spherical objects at limits of microscopic vision (o*2/x) 

10-^5 

Small filter-passing organisms (o*i/x diameter) 

10-'^ 

10-^7 

? a single hereditary factor (gene) 



zSo 


10-18 

10-19 

IO--0 

10-21 

10-22 

10-23 


Haemoglobin molecule 
Egg-albumin molecule 
Peptone molecule ; fat molecule 
Glucose molecule 
Water molecule 
Hydrogen atom 


10-24 


10-25 

10-26 


10-27 

An electron 

10-28 
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Thirdly, as the bulk of animals becomes greater, it becomes 
more and more necessary to provide greater absorptive sur- 
face in the intestine. We have already seen that in any 
structure which is enlarged without alteration of shape, bulk 
increases as but surface only as Thus, it will be of no 
avail to keep the same proportions of intestine as the animal 
grows larger, but new arrangements must be made for making 
the surface more or less proportional to In some animals, 
like the earth-worm, this is accomplished by a simple in- 
folding of one side of the straight gut ; in others, like the 
sharks and dogfish, by a spiral valve in the intestine, down 
which the food must travel, as if down a shallow spiral stair- 
case instead of dropping directly down a shaft. But in the 
majority of large animals the difficulty is surmounted by 
coiling the gut. In a tadpole the intestine is packed like a 
watch-spring ; even in man the gut is about four times as long 
as the whole body ; while in herbivorous mammals it is often 
relatively much longer. Only by the existence of a space 
such as the coelom would it be possible for the gut to become 
coiled in this way. 

The whole problem of size in animals is of great interest. 
As the accompanying Table (pp. 276-280) shows, the range 
of size in organisms is enormous, a big tree being as many 
times larger than a small bacterium as the sun is larger than 
the big tree (see p. 276). It is startling to find that there exist 
adultinsects, with wings and legs, compound eyes, and striated 
muscles, smaller than the human ovum ; that jelly-fish may 
reach nearly a ton in weight ; that the largest elephant has 
clearance top and bottom inside a whale (fig. 116) ; or that 
there are Protozoa larger than the smallest Vertebrates. 
Many problems as to the limitations of size both in an 
upward and a downward direction are suggested by such a 
table ; but they cannot be discussed here. 

One of the most primitive groups of definitely coelomate 
animals is the Annelids, or segmented worms. These 
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include the familiar earth-worms and their less familiar small 
freshwater relatives, the marine group called Polychaetes or 
‘ many-bristled on account of their numerous swimming or 
crawling bristles and spines on each segment (the lugworm 
is a familiar example) ; the Leeches, and some little-known 
aberrant types. 

One of the important characteristics which these possess 
is segmentation. Of the three highest phyla of animals, the 
Molluscs, Arthropods, and Vertebrates, it is no coincidence 
that two, and the two most successful, are segmented. The 
meaning of segmentation is thus worth some study (fig. 93.) 

All segmented forms are alike in certain respects. They 
all possess a small region in front of the mouth in which the 
brain, or its first evolutionary rudiment, is lodged. The trunk 
consists of a whole series, often a hundred or more, of seg- 
ments, each one similar to all the rest in original plan. These 
are formed during development in a growth-zone near the 
hind-end, and this growing-region often continues active 
throughout life. Thus, the trunk-region is, in a sense, repeated 
a number of times. Such segmentation is called metameric. 

What are the advantages of such a construction ? They 
are several. In the first place, the animal obtains any advan- 
tages of increased size that it would reap through colony- 
formation, but with the fundamental difference that the 
numerous identical parts, instead of being independent of 
and perhaps at cross-purposes with each other, are all under 
the control of the single anterior region, so that it is an 
organism of unified action from the first. Then division of 
labour can step in, just as it can among the members of a 
colony, and modify different segments for different functions, 
so that high specialization is easily achieved. 

One of the earliest advances to be found in segmented 
animals is that of head-formation. The primitive region in 
front of the mouth scarcely deserves the name of head. 
Gradually, however, several of the next following segments 
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become firmly joined to it, their nerve-ganglia in particular 
all being fused to form a single brain of compound origin. 
At the same time, more and more elaborate sense-organs. 



Fig. 93. Development, from the early larva onwards, of the marine 
Annelid worm Polygordius. a. 'Fhe adult worm, dorsal view, ct, tentacles, 
/z, head, azz, anus. B. Early larva {trochophore). e, eye-spot on sensory region 
(apical plate), m, mouth and intestine with anus, an. In front of the mouth 
a circular band of long cilia, c. Late larva. ^Ehe trunk region has elongated. 
pnp, larval kidney. D. The larva is metamorphosing into the adult form (lower 
magnification). The trunk is still longer, and has become segmented. The 
tentacles have appeared. The head-region has decreased in size. E. Anterior 
region of a Polychaete worm, the common sand-worm Nereis, The body- 
segments bear primitive appendages (parapodia). The parapodia of the head- 
region are much modified. Tentacles and eyes are present. 

more and more elaborate jaws and mouth-parts, are evolved 
in connexion with what we can now call a head. 

The Annelid worms never get very far along this line. 
Their chief interest to the evolutionist lies perhaps in the 
presence in their most typical representatives of outgrowths 
all along the body, one to each segment, called parapodia^ 
which one might translate as ‘ almost feet They consist of 
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protuberances on either side of each segment, each furnished 
with a battery of bristles and hairs of various shapes. These 
sometimes serve for burrowing, sometimes for crawling, 
sometimes for swimming ; there can be little doubt that 
from something of their type were evolved the limbs of 
crustaceans and insects. 

Many worms have red blood, red with a haemoglobin 
similar to that found in our own veins — a good example of 
the unity underlying very diverse forms of life. Others, 



Fig. 94. Side view of a male Cockroach {Periplaneta orientalis). i, antenna, 
2, head, showing the large eyes. 3, first segment of thorax. 4, wing. 5, joint 
(of soft cuticle) between hard dorsal and ventral plates (of 5th segment of 
abdomen). 6, 7, dorsal hard plates of 6th and last segments of abdomen. 
10-14, the five main regions of the insect limb. 15, claws. 

however, have blood which is colourless, blue, or even green ; 
in some cases the blood-pigment contains copper or zinc 
instead of iron. 

Worms play a great role in the soil ; but that is a story 
every one should read for themselves in Darwin’s book on 
earth-worms. 

From some type like that seen in marine Annelids there 
probably sprang the great group of Arthropods — the largest 
group of the animal kingdom in respect of numbers, and in 
some ways the most specialized and even the most advanced. 

The decisive steps that they took in their evolution were 
these. In the first place they have all encased themselves in 
a hard covering made of a horny substance called chitin. 
This, by giving the possibility not only of unyielding attach- 
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ment for muscles, but also of a fixed and definite shape, made 
rapid locomotion possible. The primitive parapodia of the 
worms have been improved and converted into definite 




Fig. 95. Concentration of the nervous system in Arthropods. Left, 
central nervous system of a primitive crustacean {Branchipus). The two lateral 
trunks of the nerve-cord are separate, connected across the middle line by com- 
missures. There is a ganglion in every segment. A few of the anterior seg- 
mental ganglia have coalesced to form a primitive brain. Right, central nervous 
system of Seventeen-year Cicada. The lateral nerve-trunks have united in the 
mid-line, and the segmental ganglia of the abdomen have migrated into the 
thorax. Here they form, with those originally belonging to the thorax, a single 
mass. Only nerves are found in the abdomen. The brain is much enlarged. 
(Smallwood, Man^ the Animal^ 1922.) 


appendages, each consisting of a number of hinged joints. 
In all Arthropods, marked division of labour has set in among 
the appendages, so that between them they carry out at least 
three functions. Some, like the antenn^, have become sense- 
organs, the majority are used as limbs for walking or swim- 
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ming ; and the rest are modified into feeding-organs, taking 
the place of our lips, jaws, teeth, and tongue (fig. 94). In the 
higher members of the various Arthropod groups, the nerve- 
ganglia become concentrated near the anterior end, thus 
giving greater centralization of nervous control (figs. 95, 96). 

The number of segments may become fixed and definite, 
while the head is always a sharply defined region. Curiously 
enough, neither cilia nor flagella, for which many uses are 
found elsewhere, from the lowest to the highest animals, 
are to be found in any Arthropod. The Nematodes are the 
only other group without cilia. 

The most successful of aquatic Arthropods are the 
Crustacea, ranging from the little water-fleas and tiny forms 
like Calanus, which constitutes one of the main sources of 
food to many marine fish, up to lobsters and crabs. Shrimps, 
prawns, hermit-crabs, spider-crabs, wood-lice, sand-hoppers, 
crayfish, are all familiar members of this great group (see 
%• 3 )- 

Although a few Protozoa and all earth-worms live in the 
soil and occasional flatworms and leeches are terrestrial, yet 
the Arthropods are the first phylum we have met, and the 
only one besides the molluscs and vertebrates, in which 
emancipation from a watery life has been achieved by the 
majority of whole classes or orders. 

A few land-crabs are known ; but insects, myriapods 
(centipedes, &c.), spiders, and scorpions are chiefly and 
typically land-dwellers, and it is especially among the 
insects that progress is most marked. 

Insects possess a remarkable method of breathing, wholly 
difTerent from ours. Their whole body is penetrated by a 
network of air-tubes or tracheae (figs. 32, 96). By this means 
oxygen and carbon dioxide are taken directly to and from the 
tissues, so that the blood has no concern with respiration, but 
only serves to transport food and waste-products. As a 
secondary consequence of this, the blood-circulation need 
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not be, and is not, rapid ; and the heart is of a comparatively 
low type. 

Not content with conquering the land, the majority of 
insects are also at home in the air — a double achievement 
only found elsewhere among certain groups of vertebrates. 
Curiously enough, instead of using any of their existing limbs 
for flight, as have all flying vertebrates — whether flying-fish. 



Fig. 96. Internal Anatomy of the Cockroach, a. The main trunks of 
the tracheal system, st, i, 3, 10 — ist, 3rd, and loth stigmata, or external aper- 
tures of the tracheae, b. Digestive and reproductive systems of a female, c/., 
colon, cp.y crop, g., gizzard, hc.y hepatic tubes (digestive gland). », rnid-gut. 
mt.y Malpighian tubes (excretory organ), ov., right ovary; the separate egg- 
tubes, with the smallest eggs towards the blind end, are seen, r., rectum, 
sg., salivary gland with receptacle, sr, c. Central nervous system, ab. i, 6, 
1st and 6th abdominal ganglia, sb.g., sub-oesophageal ganglion, sp.g., brain 
or supra-oesophageal ganglion, th. 1-3, thoracic ganglion. The double com- 
missures between the ganglia are clearly shown. 


flying-frogs, flying-lizards, pterodactyls, birds, or bats — they 
have employed as wings two pairs of quite new structures 
growing out from the upper part of the thorax, and probably 
developed from a kind of gill. 

Every one has heard stories of the extraordinary capacities 
of various kinds of insects. One wasp has been seen to use 
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a stone to pound down earth over its eggs — the only tool- 
user but man. The social life of bees and ants is more com- 
plicated than that of any other animal except ourselves. In 
a beehive, the newly emerged bees clean and prepare the 
cells to receive new eggs ; after this, they help in keeping 
the temperature of the brood up when needful by clustering 
in dense masses over the nurseries. They probably also 
ventilate the hive by fanning with their wings. When the 
workers are three days old they begin to act as nurses, 
feeding the grubs with honey and pollen ; this nursing-duty 
is given up by two weeks old at latest. When they are between 
five and fifteen days old they take their first flights out of the 
hive, thus gradually gaining a knowledge of the surrounding 
country. After this the young workers begin to collect food 
from the newly returned food-gatherers, and store it in the 
storage-cells of the comb. The growing workers soon add 
to these duties that of sanitary workers, keeping the hive 
clean and removing any corpses. The last task undertaken 
before going out food-gathering is that of sentry-duty ; the 
sentries examine every bee that alights at the entrance, and 
attack all robbers or unwelcome strangers. 

Finally, when about three weeks old, the workers set out 
for their final task of gathering nectar and pollen. 

Thus, there is a wonderful division of labour or allotment 
of tasks within the bee-community, but the different jobs 
are not carried out by different worker-castes, as was at one 
time supposed, but are allotted to different periods in the 
life-history. 

There are ants that keep slaves — some have gone so far as 
to lose the power of looking after themselves, and have to be 
kept clean and even fed by slaves of an alien species. Then 
there are ants which use their own babies, in the pupa stage, 
to build the nest ; the pupae have an abundant and sticky 
saliva, a gang of ants squeeze threads of this from leaf to 
leaf held in place by another gang (fig. 98). Others have a 




Fig. 97. Interior of an Ant’s nest to show the way in which the workers arrange 
the developing young according to their degree of development. In the top three 
chambers are very small larvae (grubs) ; in the fourth, full-grown larvae ; and in th© 
bottom chamber, pupae. The larvae and pupae are often erroneously called ‘ants* 
eggs 

ri 
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caste of workers that gorge themselves with honey until their 
bodies are quite spherical, and then hang themselves up on the 
roofs of special ‘ cellars ’ against the winter. When food is 
short, these living store-casks are taken down and ‘ tapped ’ 
by the rest. There are ants which keep domestic animals — 
the little aphids — which they tend and keep for the sake of 
their sweet secretion, and there are ants which practise 
agriculture. They make subterranean hotbeds with pieces 
of leaves which they cut, and in these plant the spores of 
special fungi, sometimes only known in the ants’ nests. 



Fig. 98. Two gangs of workers of the Ant Oecophylla smaragdina repair- 
ing a rent in the nest (which is made of leaves stuck together by silk threads). 
One gang is pulling the edges of two leaves close together, the others, on the 
inside of the nest, are carrying well-grown larvae in their mouths. By squeezing, 
the larvae are made to exude slimy threads which soon harden to silk ; and the 
workers use these threads to sew the leaves together. 

When a queen goes out to found a new colony, she takes a 
pellet of the precious fungus with her in a special pocket 
below the mouth. 

Insects appear to have been in existence for a longer time 
than vertebrates ; certainly the highest insects such as ants 
have been in existence .longer than the highest mammals. 
Why is it, we may well ask, that the vertebrates ever got the 
chance of rising ? Why did not the insects come to occupy 
a predominant position among animals, and keep out in- 
truders from their preserves ? 

The answer appears to be twofold. 

In the first place, their cleverness and efficiency is far 




A 

Fig. 99. (a) a store chamber of the Honey-pot Ant (Myrmeco- 
cystus). Certain workers gorge themselves with honey until their abdo- 
mens are quite spherical (note the light skin stretched between the dark 
plates of the external skeleton, which were originally in contact). They 
then hang themselves up in special underground chambers until there 
is a shortage of food, when they regurgitate their honey to the other 
workers (b). 


U 2 
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more a matter of inborn instincts than of learning, clock- 
work smoothness rather than discovery and choice. They 
can learn, but the power of learning is small, the elaboration 
and fixity of their instincts great. It is precisely the reversal 
of this relation between instinct and learning capacity which 
finally enabled the vertebrates, in the person of man, to 
begin to rise above and to control the forces which up till 
then had controlled and moulded life. 

Secondly, as it turned out, the typical structure adopted 
by the group carried irrevocably, within itself, a limit to any 
great advance in size. 

The skeleton of an Arthropod is not only on the outside ; 
once it is laid down it is dead. If growth is to take place, 
the animal must moult — the old skeleton be split and thrown 
off and a new one formed underneath. While the new one 
is being formed the animal is naturally soft and defenceless. 

As an Arthropod increases in size, for various mechanical 
reasons the bulk of the skeleton must grow not only absolutely 
but relatively bigger. The difficulty of emerging from the 
armour-plating becomes greater, and the time necessary for 
building up a new skeleton and hardening it with lime would 
be more and more prolonged. If there could exist a crab as 
big as a cow, it would have to spend more than .half of its 
existence in hiding, waiting for its skeleton to grow after 
moulting. But such an animal could not exist. Even in 
water and without a skeleton a crab’s body has some weight, 
and a crab of this size would at moulting flatten out like 
a gigantic bun. This would happen of course at a much lower 
size in land Arthropods, whose weight is supported by no 
circumambient water. And as a matter of fact, although we 
find moderately large marine Arthropods, such as the giant 
spider-crab, with a body a little bigger than a man’s head and 
gigantic but thin legs, yet the largest purely land forms 
(excluding land-crabs) are the big tarantula spiders, the 
bigger among the scorpions, the goliath beetles, and the 




Fig. 1 00. Below, an adult Dragon-fly {Aeschna cyanea) soon aftt^r emergence. 
The two very similar pairs of wings are drying in a vertical position. When 
dry, they are held horizontally. Note the huge eyes, the long segmented abdo- 
men, and the three very similar pairs of legs arising from the 3-segmented 
thorax. To the left, part of the larval skin from which it has emerged. Above, 
the same specimen emerging from the nymph {larva). The wings are still very 
small ; they are later dilated by the fluid pressure of the blood. In Dragon-flies 
the larva is aquatic, but not otherwise markedly different from the adult except 
in being incapable of flight. The wings are formed as external buds, whose 
skin is seen on the skin of the larval thorax. There is no resting-stage {pupa) 
between larval and adult stages. At this, and every moult of an insect, a com- 
plete new chitiqous external skeleton is produced. 
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Giant Swift-moth, none of which have a body (excluding 

limbs, wings, and the tail in scorpions) of over six inches long. 

In order to obviate some of the difficulties which at each 
moult beset a complicated animal with external skeleton, in 
all the more specialized insects is found the plan of dividing 
life into two wholly distinct phases, with a metamorphosis 
between. In the first or larval phase the necessary growth 
is achieved, and the animal is very little else but a feeding 
machine — a butterfly’s caterpillar, beetle’s grub, or fly’s 
maggot. Then comes transformation to a resting-stage or 
pupa, during which the metamorphic transformation is 
accomplished — the white blood-cells break down the larval 
organs, and little reserve packets of cells grow up into the 
organs of the adult. Then from the pupa there emerges 
the reproductive adult or imagb, capable generally of flight, 
active, endowed with efficient sense-organs and wonderful 
instincts. In other groups there is no pupa stage, and the 
metamorphosis is less radical (fig. loo). 

Thus , in insects the larval stage is a new development , forced 
upon the higher members of the group by their very com- 
plexity, not as in Amphibia a primitive condition, the larval 
amphibian to-day living in the same way and in the same 
element as did the ancestors of the group in the remote past. 

Two matters must detain us for a moment. The first is 
the social life of many insects. The bees, the wasps, the 
ants, and the termites all display a wonderful perfection of 
community life. Well-developed community life with organ- 
ized societies only exists in the Arthropods and Vertebrates. 
These are two groups in which the formation of colonies with 
physically connected members, so frequent in lower forms, 
is absent. The meaning of this is simple. The animal com- 
munity, like the colony, increases the size of the effective 
unit ; it takes the place of the colony in groups above a 
certain level of complexity ; and this for two chief reasons. 
First, it would be of no advantage, but of definite disadvan- 
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tage, to have, in any animals so highly organized as insects 
or vertebrates, a colony composed of individuals joined to 
each other by physical connexions. A high type of animal 
is a high type largely by virtue of its elaborate organization 
for moving from place to place and for perceiving distant 
objects, and all this would be nullified by such an arrange- 
ment, On the other hand, the perfection of its sense-organs 
and its brain enables it to communicate with its fellows and 
to powssess instincts making for concerted action. In a colony 
of polyps, the only way in which one polyp can help another 
is digestively ; ants, however, will guide others to food they 
have found, and the adults will tend the larvae. A com- 
munity, in fact, is a colony held together by psychical 
instead of by physical bonds. The largest communities in 
the world are those of ants and of men. Some ant com- 
munities contain over half a million individuals. The largest 
human communities at present are the British Empire with 
about 460 million individuals, and China with about 420 
millions. 

In all social insects the great majority of individuals are 
* workers incapable of reproduction. In ants, bees, and 
wasps the workers are modified females, while in termites 
both males and females have become unsexed. In many 
ants and termites the workers have become differentiated 
into several sub-castes, of which the largest act as soldiers. 

The other point concerns the senses of Arthropods. 
Arthropods have progressed far in evolution; but along 
wholly different lines from those along which the vertebrates 
have travelled. As one would expect, they possess the same 
general kind of sense-organs as vertebrates — for touch, smell, 
taste, sight, and sometimes hearing — but these are often 
constructed on a plan wholly different from that of ours. 

The sense of smell in insects, for instance, seems to depend 
upon the sensitive hairs in the feelers or antennae. These 
are very highly developed in the males of some moths, such as 
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the Oak-eggar, and enable them to find a female of the species, 

even if shut up in a box, at a distance of a mile or more. 

The Arthropod compound eye, however, is perhaps the 
most remarkable of their sense-organs. It consists essentially 
of a number of little elongated eyes placed side by side, and 
separated optically from each other by a black backing of 
pigment to each. The retina of each eye can only receive 
an impression of the tiny area of outside world directly in 
line with it beyond the window of its cornea. All the retinae 
transmit their impressions to the brain, which must then 
receive a mosaic of separate images, and must then combine 
them to a single coherent picture. In some dragon-flies the 
huge compound eyes are composed of over 25,000 separate 
eyelets, and are curved so that some of these point in every 
direction. A dragon-fly can look in front, and backwards, 
and sideways, and up, and down, all at once and without a 
movement of its head (see fig. 10 1). 

Such eyes are probably more efficient than ours in some 
ways, such as in this matter of looking many ways at once, 
and in the detection of small movements of objects ; they are, 
however, certainly less efficient in giving an accurate picture 
of the details and fine texture of objects, since our sensory 
units are smaller, and they have no focusing mechanism. 

Insects, as we have seen, are usually small. Every one 
will have noticed flies and small beetles and moths struggling 
on the surface of water ; they are so small that they are 
a prey to the surface-tension of the surface-film, and cannot 
get free. It is thus difficult for most insects to go to water 
to drink, like a land vertebrate (collectors of butterflies 
will have seen ‘ Blues * and other butterflies drinking — but 
always from moist soil, never from pools of water). It is 
possible that an unusual anatomical feature of theirs is to 
be associated with this fact. Their excretory organs do not 
open directly to the outside, but take the form of a number 
of thin tubes (Malpighian tubules) opening into the intestine 
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(fig. 96). This may possibly be a water-saving device. The 
hinder part of the intestine in man absorbs water ; if it 
did the same in insects, all the water contained in the 
excretory fluid would be reabsorbed, and the animals would 
have to drink much less. 

Of other Arthropods we can speak but little. Mention 



Fig. 101. Micro-photograph of part of the surface of an insect’s eye. 
The large number of separate facets, each with its own cornea, is clearly shown. 


should be made of the wonderful crab Birgus, one of the few 
land-living Crustacea, whose claws are so powerful that they 
can open coco-nuts and even cut barbed wire ; and then 
there are the spiders, which have developed a tracheal 
breathing system quite independently of the insects, and have 
the best-developed courtship displays of any invertebrates, 
as well as rivalling all but the social insects in complexity of 
instincts. 

There remain of the invertebrates the Molluscs, the 
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Brachiopods, and the Echinoderms. The molluscs comprise 
the true ‘ shell-fish and are biologically an extremely hetero- 
geneous group, ranging from tiny primitive worm-like 
creatures to the largest and most highly organized of all 
invertebrates — the squids and octopuses. They all possess 
(besides other technical characters) a large fleshy organ of 
locomotion, the foot ; and almost all have a shell ; they differ 
from most other successful invertebrates in not being seg- 
mented. The most important are the ‘ Bivalves ’ (Lamelli- 
branchs), and ‘ Univalves ’ (Gastropods), and the octopus, 
the nautilus, and their relatives (Cephalopods) (fig. 102). 

The bivalve molluscs are a degenerate group ; their 
degeneration has come about through their adoption of 
sessile or semi-sessile habits. In practically all of them, such 
as the oyster, the mussel, the freshwater mussel, &c., the 
so-called * gills ’, though they still assist in respiration, are 
in reality mainly food-catching organs. They are very large 
and covered with cilia ; the cilia produce a current, and 
the gills are so arranged as to strain off all small debris from 
this current. Their digestive system is so constructed that 
it cannot avail itself of large particles of food, and all 
particles above a certain size are side-tracked and ejected 
again if they manage to get in. The acquisition of food by 
these means does not require great intelligence or elaborate 
senses ; and we find brain and distance-receptors very poorly 
developed in almost all members of the group. 

The Gastropods are so called because (to quote Mr. A. P. 
Herbert) ‘They travel about on their tummy'. The most 
remarkable fact about them is that they are not symmetri- 
cal ; usually, as in the common snail, a large part of the 
body is twisted up into a spiral, the spiral being covered 
with a shell. Limpets, cowries, whelks, slugs, snails, peri- 
winkles, sea-slugs, the pteropods that form the staple diet 
of whalebone whales — these are typical examples. They 
represent soniewhat of a compromise in evolution between 




Fig. 102. A common Octopus {^Octopus vulgaris) seizing a Crab. The foot of these animals is prolonged into eight arms provided 
with suckers. The mouth, with horny jaws like a parrot’s beak reversed, is between the arms. The right eye is seen, also the funnel 
from which water is ejected from the mantle-cavity. Water is drawn in round the mantle-edge to aerate the blood in the gills. The 
animal can swim rapidly backwards by ejecting water violently through this funnel. It also crawls about by means of its arms. The 
bodyf containing the viscera, is on the left. 
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security and progress. The shell is a fine protection — but it 
is a very heavy piece of armour-plate. As a result, we usually 
find movement effected by simple crawling on the slimy 
under-foot ; the snail is not only proverbial but typical in 
respect of its slowness. Since they are free-moving, distance- 
receptors are wanted ; but since they move slowly, these 
sense-organs are only moderately well-developed. Most of 
the species are neither very small nor very big — from about 
a centimetre to a decimetre long ; a few, however, reach 
greater sizes ; one fossil tower-shell stands nearly five feet 
high, as you may see in the South Kensington Museum. 

The highest molluscs, however, and in some ways the 
highest invertebrates, are the Cephalopods. The more 
primitive among them, such as the Nautilus and the Ammon- 
ites (now extinct, but once the dominant group), still retain 
a large protective shell. But in all the highest forms the shell 
is quite internal and much reduced — transformed from 
external armour to internal support — or even absent : the 
‘ foot ’ has in these creatures become divided into eight or 
ten ‘ arms * beset with suckers. In some of these higher 
forms an unusual method of rapidly moving from place to 
place has been evolved ; they squirt out water forwards 
through a narrow jet, and so move quickly backwards. In 
others, muscular fins are developed along the sides, by means 
of which the animal can swim either forwards or backwards. 
In addition some, such as the octopus, can clamber about on 
the bottom by the aid of their arms. 

All are freely and often rapidly mobile, and not stuck to 
the bottom like most Gastropods. This has resulted in a 
great advance in eyes and other sense-organs, and in brain. 
Further, the division of the foot into lobes (‘ arms ’) has 
provided them with a different type of organ from any other 
seen in other molluscs — a real set of limbs. Finally, most of 
them are fairly large ; some indeed are gigantic, thirty feet 
or more across the outspread arms. These giants are for the 
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most part inhabitants of deep water, whither they are pursued 
and attacked by the sperm whale. For all their complexity 
of organization, however, they are not a large or dominant 
group like the fish ; something of the combined simplicity 
and efficiency of the fish is lacking in them, and they remain. 



help actuate the tube-feet by keeping them distended. By means of its tube- 
feet the starfish exerts a constant pull which eventually wears out the muscular 
resistance of the mussel. The starfish then protrudes its stomach out of its 
mouth and inside the shell of the mussel. Here it apparently digests the body 
of the mussel, the resultant fluid being sucked up into the rest of the digestive 
tube of the starfish. The starfish is depicted too much raised on the tips of its 
arms; it should be more crouched down. 


like monuments of another type of civilization, to show the 
utmost that life was capable of producing along the Molluscan 
line of evolution. 

The Brachiopods or lamp-shells are often mistaken for 
bivalve molluscs. In reality they have quite another type 
of anatomy, with coiled tentacles instead of gills for the pro- 
duction of their food-current. They are interesting because 
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some of their species have persisted without the least visible 
change from the earliest fossil-bearing rocks till to-day. 
Evolutionary change is always occurring, especially among 
the latest products of evolution ; but it is not a necessity. 
An animal may perform the same job in the world's economy 
for as long as the world is habitable. 

The Echinoderms are a curious phylum. They are all 
marine and essentially bottom-livers, sometimes fixed by a 
stalk like the sea-lilies, more often capable of slow movement 
like the starfish, brittle-stars, sea-urchins, and sea-cucum- 
bers. They are remarkable in being the only whole group 
of coelomates which have reverted from bilateral to radial 
symmetry. They are all five-rayed ; but bear, in the form 
of a few small structures, unmistakable signs of an original 
bilaterality. 

As would be expected, their sense-organs are very poorly 
developed. Two very curious features may be noted. They 
move by means of a system of tube-feet — a great number of 
little protrusible suckers filled with water which can be made 
to adhere like a boy's ‘ sucker ' by the creation of a partial 
vacuum. And some of them, such as starfishes, sea-urchins, 
possess the oddest organs, called pedicellariae, which every 
one who has a lens or microscope should examine when they 
are at the seaside. They are little stalked structures, each 
with three ‘ jaws and are continually moving from side to 
side making snapping movements, each one apparently quite 
on its own. It is probable that they help to defend the animal, 
and also to keep it from being overgrown with plants or 
sessile animals. Most Echinoderms have a larval stage, 
during which they are tiny transparent creatures, bilaterally 
symmetrical, swimming near the surface of the sea. It is clear 
that the Echinoderms represent the end of an evolutionary 
blind alley (see fig. 103). 



XIII 


THE ANIMAL KINGDOM {contd,) : THE 
VERTEBRATES 

FINALLY there remain the Chordates or Vertebrates. 

These claim our interest not only as the group of animals 
with the highest average attainment, not only as the group 
which contains our own evolutionary pedigree, but because 
a great deal of the detailed course of their evolution can be 
traced in the fossil-bearing rocks. All the invertebrate phyla 
and most of their classes had their origin so far back as to 
antedate the first fossil-bearing rocks we know. The earlier 
stratified rocks, that were laid down when they were first 
evolving, have been denuded away or so squeezed and baked 
through heat and pressure that their whole character has 
been altered, and the fossils they must have contained have 
been destroyed or rendered unrecognizable. Worms, echino- 
derms, arthropods, molluscs, corals, lamp-shells, many 
highly specialized and none essentially unlike those of to- 
day, are to be met with in the earliest well-preserved series 
of rocks, the Cambrian. 

But with the vertebrates it is different. Probably their 
evolution took longer on account of their very complexity ; 
in any case, the first vertebrates so far found belong to a 
primitive type of fish, and occur in the Ordovician, the next 
division above (more recent than) the Cambrian. 

The main features of vertebrate evolution could be de- 
duced equally well from comparative study of present-day 
forms, or from the anatomy and history of fossils. The two 
methods confirm each other in all essentials (see fig. 8i b). 

Starting with fish, the salient steps in vertebrate evolution 
are as follows : (i) the partial conquest of the land by 
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Amphibians, involving the transformation of swim-bladder 
to lungs, and of paired fins to true limbs with fingers and 
toes. (2) the full conquest of the land by reptiles, no longer 
restricted to dampness when adult or to water for their early 
development. This implied the evolution of a large-yolked 
egg, and the development of a protective water-cushion or 
amnion over the embryo within the egg. Instead of having 
to develop in water, each embryo is supplied with what an 
American writer calls ‘ its own private pond ’ in the shape of 
the fluid within its amnion. 

In higher reptiles (mostly now extinct and supplanted by 
mammals) the body was for the first time raised off the ground 
and supported entirely by the limbs (or with aid frojn the 
tail). Meanwhile, the heart became more or less completely 
divided into two separate parts, as in man, one for pumping 
venous and the other for pumping arteriahblood only. 

Two separate lines spring from the reptilian stock — the 
mammals and the birds. Both agree in having developed a 
mechanism for ensuring a constant temperature-environ- 
ment for the tissues of the body, and in having the heart 
completely divided into two. The first to be considered 
here (though the later to develop in evolutionary time) is 
(3) the bird line. The evolution of birds was made possible 
by a series of acquisitions. First, that of constant high 
temperature, next those of feathers, wings, and air-sacs. In 
addition, existing birds have lost their teeth, and bird- 
parents show a f^arkable degree of care for their young. 
These steps have led to the chief conquest of the air which 
has been made by vertebrates. (4) The other line led to the 
mammals. Apart from the constant high temperature and 
the divided heart, the two universal characters of mammals 
are the possession of hair, and the secretion of milk by the 
mother. Further, although a few mammals lay eggs, and 
a moderate number (most pouched mammals or Marsupials) 
bring their young up from an extremely early stage in their 
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pouch, stuck firmly on to the nipples, yet the largest and 
the dominant sub-class of mammals are all characterized 
by a iplacenta or organ for ensuring interchange of food, 
respiratory gases, &c., between the mother and the embryo 
in the uterus, thus making possible not only a speedier 
development but also the protection of the embryo within 



Fig. 104. Diagram to show the succession of the five main vertebrated 
CLASSES IN geological TIME. The approximate length in years (deduced from 
radio-active minerals) of the three main epochs is given on the left. The thick- 
ness of the black columns for each class represents roughly its abundance and 
dominance. (Probably those for Fish and Amphibians should not contract in 
the Mesozoic to less than their final thickness ; and that for the Reptiles should 
contract much more intensely at the close of the Mesozoic.) (Newman, Verte- 
brate Zoology f 1920.) 


the mother until a later stage than occurs anywhere else in 
the animal kingdom. All typical mammals are also character- 
ized by having a division of labour among their teeth (incis- 
ors, canines, and grinders), which only occurs elsewhere in 
one extinct group of reptiles. 

These different steps took place at different geological 
times. The chief facts are shown graphically in fig. 104, 
which also indicates the probable relationship of the main 
groups, and their relative importance at different periods, 

2582.4 » 
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One or two interesting points emerge. The fishes have 
continued their unabated success, as the most generally suc- 
cessful group of water-living animals, from very early times 
up till the present : they hardly compete with mammals or 
birds. But the Amphibia had their hey-day, and sank with 
the rise of Reptiles ; the Reptiles had a still more marked 
and more remarkable period of dominance, ending with 
reptilian collapse and avian and mammalian advance, and 
the non-human mammals are now showing the same kind 
of decrease coincident with the rise of man. Thus in the 
fossil record a succession of types is really visible, and the 
succession is definitely one of lower by higher types. 

There are, however, other Chordates beside these five 
classes. Space forbids mention of some of the doubtful ‘ poor 
relations ’ of the stock, and only allows the briefest reference 
to the Tunicates. These latter are a degenerate group which 
have lost many of their distinctively Chordate characters. 
Their degeneration, as in the bivalve molluscs, is due to 
their having adopted the method of feeding by producing 
currents and straiping off the food-particles ; this has led 
to a sessile mode of life and to loss of sense-organs and 
diminution of brain. Many of them form colonies by 
budding, and have surprising powers of regeneration and 
dedifferentiation ; they are hermaphrodite. They have also 
lost their skeleton ; indeed, each one of them possesses it 
as a free-swimming larva, and loses it and all the main sense- 
organs when it metamorphoses and settles down. They must 
have branched off, however, at a very early period from the 
main Chordate stem ; and it is perhaps comforting to reflect 
that if they have lost their skeleton, it was by then only a 
notochord and not a real backbone (see fig. 105). 

A related form, but one much closer to the original 
primitive Chordate type, is seen in Amphioxus. The most 
important things about Amphioxus are those which it does 
not possess. It has nothing that could be called a head ; the 
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merest apology for brain and distance-receptors ; no skeleton 
except a notochord ; no heart, but only an ordinary blood- 
vessel which contracts rhythmically, a liver which is a mere 
unbranched pocket of the gut, no limbs, no reproductive 
ducts, the eggs and sperm simply bursting out through the 



Fig. 105. (Semi-diagrammatic.) The metamorphosis of a Sea-squirt 
(Ascidian). a. The free-swimming * tadpole ’ larva, with tubular nerve-cord, 
nc, dilated anteriorly to form the ‘ brain 6, with eye-spot and balancing organ 
in its wall. Below it in the tail, t, is a well-developed notochord, nt. m, mouth, 
leading into pharynx perforated by gill-slits, with food-entangling mechanism, 
e (endostyle). From the pharynx arises the gullet, leading into the stomach, sty 
and intestine ; this opens into the mantle-cavity, which in its turn opens to 
the exterior by the aperture, at. /, adhesive organ for fixation, h, heart, b. The 
larva has fixed itself. The tail is degenerating, the mouth and internal organs 
are growing round. gill-slits ; /n, degenerating remains of tail. c. Metamor- 
phosis is complete. The animal is permanently fixed. Tail, notochord, nerve- 
tube, and sense-organs have disappeared. A solid ganglion, b, has been formed 
from the brain. The pharynx and atrium are much enlarged, and their apertures 
prolonged into siphons, am. anus. 

body-wall. It is, however, without a question a Chordate, 
as shown by its notochord, its pharynx pierced by gill-slits, 
and its hollow nerve-cord running along the back instead of 
the belly. It too depends on artificial currents for its food. 
It serves to remind us of a time long before that of the earliest 
fossils preserved to us now, when none of the Chordate stock 

X 2 
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had reached a higher organization than this ; and all the 
highest types of life — bird, horse, lion, dog, and man himself 
— were no more than a potentiality slumbering in the germ- 
cells of little Amphioxus-like creatures in the sea (fig. io6). 

The next stage in vertebrate evolution of which we have 
any record is represented by the Lampreys ; but there is 
an enormous gap between them and Amphioxus. The Lam- 
prey has already a well-developed brain, a rudimentary skull 
and backbone of cartilage as well as a notochord, ‘ nose 
eyes, and ears, and a proper vertebrate heart and liver. But 



Fig. io6. a mature specimen of Amphioxus, from the left side, an, anus 
(not at the posterior extremity), atp, aperture of the cavity surrounding the 
pharynx (cf. Sea-squirts, fig. 105). c, tail-fin. a, tentacles, acting as strainers, 
round the mouth, df, dorsal fin with crowded small fin-rays, fr. e, eye-spot 
on slightly dilated end of neural tube, n. to the 26 paired reproductive 
organs, m^, the ist, 36th, and 52nd muscle-segments (myotomes). 

nch, notochord running the whole length of the body, and thicker than the 
nerve-tube, vel, second straining organ, at entrance to pharynx, ves, mouth- 
cavity. vf, ventral fin. The gill-slits are seen below the notochord from just 
behind vel, to the 31st muscle-segment. 

they are still far behind any true fish. They have no limbs, 
no true jaws, no true teeth, and none of them have bone. 
They, too, like Amphioxus and its relatives, make but a very 
small group, a relic from the past. 

In their life-history, they shed a most interesting light on 
the evolution of the thyroid gland. The lampern, as the 
Lamprey’s larva is called, still obtains its food from a food- 
current, in the same way as Amphioxus and the Tunicates. 
One of the special features of the straining mechanism of all 
these Chordates is a groove called the endostyle running 
along the floor of the pharynx, which secretes a sticky mucus. 
This is forced forward by cilia, round the mouth in two 
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grooves, and along the dorsal groove back into the intestine. 
The gill cilia are so arranged that all food-particles strained 
off by the gills are driven up to the dorsal groove. Here 
they become entangled and stuck in the slime, and are passed 
on by this sort of moving stair-case to be digested in the 
intestine. 

The lampern has ati endostyle just like that of Amphioxus, 



Fig. 107. Denticles OF THE Dogfish, a, a piece of skin, slightly magnified, 
in surface view. It is covered with denticles, their points projecting obliquely 
upwards. B, a single denticle. 6, the portion embedded in the skin, c, a 
denticle in section, the embedded base, in the centre of which is an aperture 
by which blood-vessels and nerves enter p, the pulp-cavity. dentine, e, 
enamel. 


except that it is rolled up in a sort of pocket under the 
pharynx, and sends out its slime-cord ready made. 

When the lampern changes into the Lamprey, most of the 
endostyle degenerates altogether. But some of the cells of 
its duct remain alive, multiply, and become converted into 
a typical thyroid. This is a transformation that nobody would 
have been rash enough to guess at, if they had not been able 
to see it actually happen, and it is of interest as showing the 
way in which one organ, no longer required by the animal, 
may become converted into another organ instead of dis- 
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appearing altogether. This is frequently to be seen. The 
balancing planes — the paired fins — of fishes become sup- 
porting limbs in land forms ; the swim-bladder which 
regulates a fish’s density and consequent distance from the 
surface becomes a breathing organ — the lung ; hair in man 
has lost its primitive warmth-retaining function, and under 
the influences of sexual selection has become converted to 
an adornment. 

A gap again yawns between the Lamprey and the Fish, 
although not such a wide one as that between Amphioxus 
and Lamprey. No fish has a notochord persisting at full size 
throughout life ; all have well-developed vertebrae and skull 
over-arching the brain, paired limbs, scales, and teeth. The 
true jaws have appeared, and can be shown to have arisen 
by another strange change of function ; they are derived 
from the first pair of the bars of cartilage which support the 
gills and hold the pharynx-cavity stretched as an open 
umbrella is held out by its ribs. In almost all fish, however, 
the upper jaws are not yet firmly united to the skull as in all 
land forms, but only jointed on. Teeth, too, have an odd 
history. The skin of dogfishes and sharks can be used for 
polishing, and when prepared is known as shagreen. Its 
qualities are due to thousands of little pointed scales sticking 
out from its surface. When these are examined, each is seen 
to be nothing else but a miniature tooth fixed by an enlarged 
base. Before teeth served as teeth they were scales, and 
covered the whole surface of the body. It was those in the 
skin covering the jaws which were able to take on new func- 
tions, became true teeth, and eventually alone remained when 
all traces of the skin-denticles had disappeared (fig. 107). 

There are two main groups of fish — the Elasmobranchs 
(dogfish, sharks, skates, and rays) which have never developed 
bone in their skeleton, and the Teleosts or higher bony fish, 
comprising all the familiar species like herring, sole, trout, 
cod, sea-horse, and flying-fish. The former are primitive 
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in a great many ways. In one respect, however, they are 
better equipped than the Teleosts. They lay a few large- 
yolked eggs, well protected in horny capsules (the ‘ Mer- 
maids’ Purses ’ one picks up on the seashore) or even in the 
oviduct of the mother ; while the latter lay their eggs before 
fertilization, and have to produce vast quantities of them in 
order to compensate for the inevitable wastage during their 
tiny and unprotected early lives. It is probable that this one 


Fore-brain Kfld-brain Hind-brain 



Fig. 108. The brain of a Dogfish (Squalus acanthias), from the left side. 
The cranial nerves are marked with roman numerals (iv and VI are not shown). 
The parts of the brain concerned with various senses are marked as follows : 
smell — coarse dots ; sight — crosses ; hearing, balance, and lateral line organs — 
broken oblique lines ; touch and other skin senses — vertical lines ; taste and 
other stimuli from viscera (gills, stomach, &c.) — horizontal lines. The motor 
nerves to gills, stomach, and other viscera are marked in black and white 
rectangles. 


Specialization enables the Elasmobranchs to compete not too 
unsuccessfully with the Teleosts. Their brain (fig. 108) is 
very primitive, even when compared with that of the frog. 

The smallest fish are under an inch in length, the largest 
is a form of shark which may reach forty feet. 

Fish have evolved into the most extraordinary forms. One 
could write a whole chapter on ‘ Funny Fish-’ — pipe-fish, 
sea-horses, ribbon-fish, sun-fish without a proper tail, cow- 
fish, flying-fish, parrot-fish, porcupine-fish, electric-fish, the 
flat-fish which fall over on one side as they grow and twist 
both eyes over on to one side of the head, the remora with 
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a sucker on its head to attach itself to its living locomotive 
the shark, angler-fish, deep-sea fish with eyes on long movable 
stalks, or with mouth as big as the whole body, or with rows 
of red and white phosphorescent lights like a liner at sea. 
Fish are the dominant group in the waters, and have become 
specialized to fill every available niche (see Frontispiece). 

One group of freshwater fish, the lung-fishes, are able to 
survive a long sojourn in the mud when the ponds and streams 
dry up. This they do by extracting oxygen from the air 
taken into their swim-bladder, which thus acts as a lung when 
needed. Thus, these creatures partly bridge the gap to 
terrestrial life (fig. 109). 

In the structure of the limbs, however, a great gap exists 
between fish and amphibians. No fish has anything but 
fins, no amphibian anything but legs equipped with fingers 
and toes. Again, just as the thyroid gland was evolved from 
the remains of the endostyle when this ceased to be of use, 
so another ductless gland, the parathyroid, is not found in 
fish, but only arises out of the debris of the gill-slits when the 
vertebrates took to land. 

The Amphibia need not detain us long. They are in a 
certain sense a compromise between life in water and life 
on land. The biggest existing amphibian is the giant sala- 
mander, which may reach four feet, though the Amphibia 
as a group average six inches or less. However, in the Car- 
boniferous period, when they were the only land vertebrates, 
the average was much higher, and forms over six feet long 
existed ; but all these disappeared as soon as the reptiles 
entered the field. One other point deserves mention. The 
Amphibia are the first vertebrates capable of producing vocal 
sounds deliberately. 

The reptiles were the true conquerors of the land. This 
conquest they owe chiefly to their dry, strong skin, and 
the evolution of special membranes helping the embryo to 
live away from water in a large-yolked egg. The allantois, 
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from which the placenta afterwards developed, is the 
embryo’s breathing organ : the amnion is a protective 



C 


E 


f 


Fig. 109. Various Lung-fishes {Dipnoi), a, Ceratodus, with well-developed 
fins, from Queensland, b and c, Protopterus and Lepidosiren, from tropical 
Africa and South America respectively, with reduced fins. In all, note the 
absence of stream-lining in the body, and the wide separation of fore and hind 
limbs. D, Protopterus aestivating in a burrow in mud in the dry season. It 
has enclosed itself in a flask-shaped membrane of slime which has hardened on 
drying, and has an aperture for air leading into the mouth. Between this mem- 
brane and the fish’s body is a layer of soft slime (mucus). E and F, larvae of 
Protopterus and of Lepidosiren, 7 and 30 days after hatching respectively. Note 
the well-developed external gills, and the general resemblance to the tadpole of 
a tailed amphibian. The rudiments of the limbs are presented as long cylin- 
drical outgrowths. (Newman, Vertebrate Zoology^ 1920.) 





water-cushion, enabling the soft embryo to develop in fluid, 
protected from pressure and contact (figs. 28, 29.) 

In their hey-day the reptiles rivalled the present mammals 
in size and variety of specialization. Besides the existing 
lizards, snakes, crocodiles, and tortoises, there lived in the 
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middle and late secondary period a whole series of remarkable 
types. There were mammal-like reptiles, equipped with 
several different kinds of teeth, and able to run like a typical 
quadruped ; flying pterodactyls (fig. 112) ; at least two types 
which had gone back to the sea, the icthyosaurs, which more 
or less resembled whales (and produced their young alive, 
as a specimen in the South Kensington Museum testifies, 
with a brood of embryo skeletons between its ribs), and plesio- 
saurs, with great flexible necks, creatures which must have 
looked very much like the average man’s idea of the sea- 



Fig. 1 10. Skeletons op the extinct Dinosaur Diplodocus and op a Man. 
The brain of Diplodocus was a good deal smaller than the enlargement in the 
spinal cord opposite the hind-limb. 


serpent ; and finally, the most successful group of all, the 
dinosaurs, including rapid runners on two legs, living ‘ tanks ’ 
covered with armour-plate, great semi-aquatic herbivores 
like Diplodocus (figs, no, in), some of which grew to a 
hundred feet long, and the biggest carnivorous creatures ever 
known, such as the Tyrannosaurus, which stood over twenty 
feet high, and no doubt lived upon the gigantic vegetarians. 

The end of the Secondary period comes, and with the 
beginning of the Tertiary the pride of the reptiles is humbled. 
More than half the groups, and those the most advanced, no 
longer exist ; those that are left are already playing second 
fiddle to the early mammals and birds. 

What brought about this revolution is not certain. Possibly 
an alteration of climate cut down the available food-supply 




Fig. III. The hind leg bones of Diplodocus in situ, Bone-cabin Quarry, 
Medicine Bow, Wyoming, Reproduced by permission of the American Museum 
of Natural History, 
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and gave advantages to smaller creatures capable of tempera- 
ture-regulation. There can at least be no doubt that tem- 
perature-regulation and better provision for the young, both 
before and after birth or hatching, are the two progressive 
features in which birds and mammals chiefly outdistance 
their ancestors, the reptiles. 

In the case of birds we luckily have come to possess true 
‘ missing links ’ between reptiles and modern birds. In the 
mid-secondary, there lived a creature called Archaeopteryx — 
‘ Earliest winged creature *. It was an undoubted bird, for 
it possessed feathers and obvious wings. But its jaws possess 
a good complement of teeth, the wing is still extremely 
primitive in possessing claws on three of its fingers (by means 
of which it no doubt crawled like a bat among the branches), 
and its tail is not a fan as in all living birds, but is more like 
that of a kite, with a long jointed skeleton, and feathers com- 
ing off on either side all the way down (fig. 112). 

Fossil birds found in strata from the close of the Secondary 
already possessed the modern fan-like tail, and had lost the 
claws on the wing ; but they all still possessed teeth. Tooth- 
less birds only appear with the Tertiary period. 

Flight, high temperature (over 100°, sometimes as much 
as 105° F.), air-sacs and hollow bones, nest-building, bright 
colours and elaborate courtship, song, and the care of the 
young — these are the chief characters of modern birds. They 
owe their success chiefly to one single character — the evolu- 
tion of feathers. These in the first place keep down radiation 
and so allow of a high body-temperature. They also permit 
of the fore-limbs alone being used in flight. Thus the hind- 
limbs are left free to develop along their own lines, instead 
of being used up, so to speak, as one of the supports for a 
wing-membrane, as occurred in the extinct flying lizards, and 
occurs to-day in the bats. The air-sacs not only lighten the 
body and help in breathing, but are used to stream-line the 
body so that it offers least possible resistance to rapid passage 



Fig. 1 12. Restorations of Flying Reptiles {Pterodactyls) and the primi- 
tive Bird Archaeopteryx. The Pterodactyls had membranous wings like bats, 
supported both by fore and hind limbs, but mainly by the ‘ little * finger. The 
remaining fingers could still be used as claws. Archaeopteryx had true feathers, 
and wings supported only by the fore-limb, but it retained teeth, a long tail- 
skeleton feathered on either side instead of the tail-fan of modern birds, and 
three clawed fingers. 
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through the air. In the same way, most of the fuselage of an 
aeroplane only serves for stream- lining, not for carrying 
passengers or goods. 

Birds are on the average notably smaller than mammals. 
This is due to purely mechanical aeronautical limitations 
too complicated to discuss here ; as a matter of hard fact, 
the largest birds capable of flight — swans, vultures, or alba- 
trosses — weigh well under 50 kilograms, while the weight of 
the great majority is to be reckoned in ounces or even grams, 
the smallest humming-birds weighing a little under 2 grams. 

It is interesting to compare the success of reptiles, birds, 
and mammals in different zones of the earth's surface. 
Reptiles have the temperature of their surroundings ; con- 
sequently their activity is somewhat more than doubled for 
each rise of C. In the arctic they could scarcely ever be 
active at all, but would have to exist in a state of almost 
continuous hibernation, and there are in point of fact no 
reptiles in the arctic. In the temperate zone they must waste 
half their life hibernating, and even in the summer cannot 
compete in activity with a warm-blooded creature ; so here 
reptiles are few and small. In the tropics, however, their 
average speed of living is more nearly that of a mammal, and 
they can be active all the year round ; in the tropics, therefore, 
reptiles are more abundant and of greater size — crocodiles, 
iguanas and other large lizards, giant turtles and tortoises, 
boa-constrictors and pythons, are all tropical (fig. 113). 

Mammals, owing to merely mechanical reasons, can attain 
to larger sizes than birds. On the other hand, they cannot 
move readily from one zone to another. So it comes about 
that in the arctic the birds are the dominant vertebrates, 
because they can leave in the winter ; arctic mammals are 
few, and almost all of them, like seal, walrus, polar bear, and 
whale, are entirely or chiefly aquatic. The mammals on the 
other hand are the dominant group in temperate and sub- 
tropical regions. 
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There are one or two points in connexion with the 
evolution of njammals that are worth mentioning here. 

What feathers have been to birds, hair has in part been 
to mammals ; hair and milk together are the mammalian 
characteristics par excellence^ hair permitting a constant tem- 
perature, milk implying a long period of care of the young 
after birth. Hair and milk have given mammals the victory 
over reptiles. But within the mammalian stock itself progress 
has depended chiefly on two other factors — brain and pre- 
natal care. 



Fig. 1 14. A femai.e Duck-bill Platypus {Ornithorhynchus) suckling its 
YOUNG. The young are hatched from eggs. 'I'he mother has milk but no teats ; 
she therefore lies on her back, and the young lap up the milk from the saucer- 
shaped depression into which the milk-glands open. The mother is supporting 
one young with her left fore-foot. (Newman, Vertebrate Zoology ^ 1920.) 


There are three grades of pre-natal care to be found in 
the single class of mammals. The duck-bill platypus (fig. 1 14) 
and echidna lay eggs like any reptile. The Marsupials, such 
as the kangaroo and opossum, nourish their young within 
their uterus ; but the mechanism is not elaborate enough 
to permit of its being effective after the embryo has grown 
to a comparatively small size. To meet this difficulty, the 
pouch has been evolved. The embryo is born very small 
and very unformed (a new-born kangaroo is less than two 
inches long, naked and blind, the limbs not yet provided with 
fingers). It can, however, crawl into the pouch ; there it 
becomes glued to the nipple until it reaches a stage more or 
less similar to. that at which higher mammals are born, then 
becoming detached but still spending its time in the pouch. 
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The typical or Placental mammals, on the other hand, 
while still retaining the milk diet for their young after 
birth, all possess the wonderful arrangement known as the 
placenta, by means of which a huge network of blood-vessels 
formed by the embryo interlocks in the wall of the uterus 
with a similar network formed by the mother. By this means, 
although there is no actual passage of blood from mother to 
embryo, perfect interchange and nutrition is provided, and 
the embryo can be protected until fully formed. In some 
whales the young are retained within the mother’s body till 
they are over twenty feet long. Whales, being aquatic, can 
attain to much greater size than any terrestrial animal. They 
include by far the largest animals which have ever existed, 
at least twice the bulk of the largest extinct reptiles. They 
also show interesting traces of their origin from land forms 
in vestigial hind-limbs (figs. 115, 116). 

The Placentals have become as dominant over the Mar- 
supials, wherever the two groups have come into contact, as 
the Mammals over the Reptiles, Only in Australia, which was 
cut off from the rest of the world by some earth-movement 
after it had received an invasion of Marsupials but before it 
had been reached by any Placentals, are the Marsupials 
dominant — because wkhout placental competitors. 

It is very interesting to find that the Australian Marsupials 
have evolved into a great many forms not found elsewhere, 
whether fossil or alive, and that the types evolved are often 
superficially very similar to those of Placental mammals. 
There is a marsupial wolf, a marsupial mole, the wombat 
is like a cross between a badger and a bear, some of the 
phalangers are not unlike squirrels. 

The kangaroo, it is true, is of very different construction 
from any large Placental, It has filled the niche of herbi- 
vorous quick-moving animal, but has filled it in a different 
way from horse or deer. 

There are, in fact, the same niches to be filled the world 




Fig. 1 17. To illustrate the increase in relative size of brain 
DURING THE EVOLUTION OF THE Mammals. The brains on the left (recon- 
structed from casts of the interior of the skull) are those of mammals 
from the early Tertiary period. Those on the right are those of living 
mammals of about the same total bulk. The two brains of each pair are 
drawn to the same scale. 

Arctocyon (a primitive carnivorous form) a Dog 

Phenacodus (a primitive ungulate form) B Pig 

Coryphodon (an extinct heavy herbivorous type) c Rhinoceros 
Uintatherium (related to Coryphodon) D Hippopotamus 

The modern brains, in addition to their increase in absolute size, show 
an alteration of proportions, the olfactory lobes being relatively rather 
smaller, the cerebral hemisphere^} relatively much larger, 
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over, and different types may fill them in vv^ays superficially 

alike or superficially different. 

Then there is brain. This has played its chief role in the 
intense competition which took place in the Placentals. 
Throughout the Tertiary period new lines of evolution were 
being developed with great rapidity. The upper limit of 
size was being increased (as, for instance, in the evolution 
of the horses, the elephants, the whales, the great cats), and 
physical specialization, especially of teeth and limbs, was 
being perfected. Both size and physical specialization, how- 
ever, soon reached a limit. The supporting power of a limb- 
bone is proportional to its cross-section, i.e. to an area; 
while the weight to be supported varies as the volume. 
For purely mechanical reasons, therefore, the limb-bones 
must become relatively larger with increasing absolute size 
until they finally grow so unwieldy that size no longer pays. 
A rhinoceros or an elephant is near the upper margin of size 
mechanically permissible with advantage to a land animal. 
As regards specialization, the leg and foot of a horse or a deer, 
or the teeth of a lion or a cow, could not be much better 
adapted to their functions than they are now. 

But, if the instruments at the animaBs disposal could not 
be improved, the methods of using them might be — and this 
is possible by an improvement in the structure of the brain. 
The figure on page 325 may be left to speak for itself (fig. 1 17). 

The final changes which led to man’s evolution seem also 
to have been primarily brain-changes (fig. 119). Probably, 
the first divergence of the future human stock from the 
ordinary land-living mammals came when some shrew-like 
insect-eating animal took to living in trees. From some 
creature like this the Lemur type probably developed, from 
this again the monkey type. From the old world monkeys, 
the true apes have clearly descended, by loss of tail and in- 
crease of brain-power, and there is no doubt that from some 
creature which, though not any of the existing apes we know, 
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BKAIN OF THE Jumping shrew 

(MAcroSCclidfa) 



brain of The TREE 3HREW 
(TupAid) 
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BRAIN OF THf MARMOje;r^^^,^, 


Fig. iig. Development of the Brain and its different regions in animals on various 
levels of development not unlike those which man’s ancestry traversed. Above, two 
Insectivores. Note the much greater development of the visual region and reduction 
of the olfactory region in the arboreal Tree-shrew as compared with the terrestrial 
Jumping Shrew. Centre, the'Tarsier, the Lemur nearest to the monkeys ; below, one 
of the most primitive true monkeys. The same tendencies are continued and accentuated. 
In addition, note the enlargement of the pre-frontal area serving for association. 


Fig. 120. Various Eolithic and Palaeolithic flint implements, showing 
different types used for different purposes, and various degrees of shaping and 
finish. 
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would have to be classified in the same group with them, 
man finally evolved. True apes, like the Chimpanzee, are 
very intelligent and educable (fig. ii8). 

Taking to the trees appears to have been the necessary 
preliminary to this long evolution. This put a premium on 
accurate vision and movements which had to be complicated 
and accurate if the creature was not to fall and lose its life, 
while the ordinary land mammals continued utilizing smell 
more than sight, and turning their limbs into mere supports 
and running organs. 

Only in the trees will there grow up the practice of handling 
objects carefully, and checking the results by careful examina- 
tion with the eyes, and this eventually led to the development 
of a true hand and to the manual skill of human beings. It 
is interesting to find that the parts of the brain connected 
with sight and manual dexterity increase in size as we pass 
from lemurs up through apes to man, while the centres 
connected with smell decrease very much in relative im- 
portance (fig. 1 19). 

But physical acquisitions react upon the mind. The 
monkey has power of examining an object accurately by 
touch and sight. As is always the case, it is pleasant to 
indulge a power that we possess ; and hence, it appears, 
the development of that extraordinary curiosity we all know 
in monkeys. Their curiosity is largely aimless and useless, 
but if it could be harnessed to the needs of the race, it might 
yield the most valuable results, and as a matter of fact, this 
curiosity was the necessary basis of all man’s philosophy 
and science. 

Man himself in all probability developed in some temper- 
ate and comparatively treeless region, where the surroundings 
forced him down out of the easy retreat afforded by the tree 
tops, and compelled the development of skill, foresight, and 
reasoning power to cope with the animals that were his 
enemies and those which, in the absence of fruits, he would 




Fig. 12 1. Rktorations (by Professor J. H. McGregor) of three stages in the Evolution of Man. On left, Pithecanthropus 
erectus, in^^ediate in brain-size and protrusion of jaws between man and apes. In centre, Neanderthal man {Homo neanderthalensis), the 
extinct species of man found in Europe in early Palaeolithic times. This species still retains primitive characters such as low cranium, very 
large brow-ridges, heavy teeth, poorly developed chin. On right, Cro-magnon man, a race of Homo sapiens or modem man which succeeded 
Neanderthal man in Europe in the late Palaeolithic period. 
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have to use for food. The rest of the ape-stock remained 
in its tropical forest home and was never forced to develop 
further. Remains of a real link between apes and men, 
the Pithecanthropus, have been found in Java. In the 
earlier period of human existence, several species of man, 
some definitely more simian than any types known to-day, 
were evolved (fig. 12 1 ). But to-day only one species survives. 

Man probably originated in the Pliocene. To discuss 
the detailed development of man is outside the scope of this 
book. We may mention that prehistoric man is known 
chiefly by the stone implements which he has left behind 
(fig. 120) ; in these a slow but gradually accelerated pro- 
gress is found with the passage of time (fig. 122). He had 
to survive the Glacial period, an unfavourable environment 
which probably served to sharpen his wits ; and only about 
ten thousand years ago at the utmost did he discover the 
use of metals or the methods of regular agriculture. 

In conclusion, since inevitably our interest will centre on 
the biology of man, we will end this chapter by recapitulating 
what we have learned of evolution with special reference to 
those steps without which human development would have 
been impossible. 

After the development of the cell, and the origin of sex 
(which made variation easier when needed), the first neces- 
sary step was the aggregation of cells to form many- celled 
organisms ; without this, neither convenient size nor suffi- 
cient division of labour would have been possible. The next 
steps were precisely those of increasing total size and in- 
creasing division of labour among the organs. 

First came the establishment of two and then three main 
layers with different functions, and at the same time the 
increasing importance of the head end, due to bilaterality and 
the formation of a nervous system with a dominating region 
or primitive brain in front. The development of blood- 
system and coelom obviated the need for branched organs. 
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the sexes ; and out of this has developed much of our sense 
of beauty. The need to develop out of water produced the 
reptilian egg ; and the further prevention of waste of infant 
life was brought about by the internal development of mam- 
mals, permitting the young organism to come into the world 
at a greater size. As the mechanical efficiency of the organs 
of the body approached perfection, an increasing premium 
was put upon more efficient ways of using the organs — in 
other words upon brain-power. The most important develop- 
ment in this respect was improved power of learning by 
experience. But to learn by experience, the youth of the 
species must be protected and sheltered ; hence the exten- 
sion of parental care to the young for ever longer periods 
after birth, and the co-operation of both male and female 
parent in these duties. Out of this sprang the family, and 
the constant association on a common task doubtless made 
the need for communication more urgent, and so was a 
necessary step towards speech. Then came arboreal life, 
and the development of dexterity of movement, of the 
examination of objects by touch and sight, and so of curiosity. 
Then the re-descent to the ground, with necessity for great 
self-reliance and skill, and the harnessing of curiosity to be 
the basis of organized knowledge ; with necessity too for 
more co-operation, and hence of speech, through which 
alone organized society became possible. 

This brief sketch will perhaps give some idea of the strange 
series of processes, many of them apparently unconnected, 
which have yet been necessary for human beings to arise, and 
for mental activity to become the controlling factor in 
evolution. 

In conclusion, it should never be forgotten that man is, 
biologically speaking, quite young. The half-million or 
million years for which he has been in existence constitute 
but a small fraction of the time which the non-human 
mammals, for example, took to reach their highest perfection. 
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Nor is there any reason whatever to suppose that his evolu- 
tion is over. 

However, the one great difference between man and all 
other animals is that for them evolution must always be a 
blind force, of which they are quite unconscious ; whereas 
man has, in some measure at least, the possibility of con- 
sciously controlling his evolution according to his wishes. 
But that is where history, social science, and eugenics begin, 
and where zoology must leave off. 
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ACTIVATION, exciting to action ; es- 
pecially, exciting the egg to begin its de- 
velopment. 

ADRENAL BODY (L. ad, near ; ren, 
kidney), a ductless gland attached (in 
mammals) near the top of each kidney, 
derived partly (the medulla) from cells 
migrated from the neural crest, and 
partly (the cortex) from cells closely allied 
to those from which the reproductive 
system is formed. Adrfnalinf, the se- 
cretion from the medulla. Also called 
Suprarenal Capsule. 

AFFERENT (L. ad, towards ; fero, I 
carry), carrying towards ; e. g. afferent 
(sensory) nerves carry impulses to the 
central nervous system. 

ALBINO (L. albas, white), an organism 
with congenital lack of pigment. 

ALLANTOIS (Or. aAAa?, sausage ; etSo?, 
form), a sac-like membranous organ 
growing out of the hind-gut in the em- 
bryos of reptiles, birds, and mammals, 
and serving for respiration or nutrition, 
or both. 

ALLELOMORPH (Gr. aAAvjAtoi/, one 
another ; fj.op(f)7j, form), one of the alter- 
native forms in which a single hereditary 
factor (gene) may exist. 

ALVEOLAR AIR (L. alveolus, little 
trough : small air-sacs in the lungs), air 
in alveoli of the lungs, where gaseous ex- 
change with the blood is effected. 

AMNION (Gr. anyCov, bowl), a mem- 
branous sac containing fluid, which en- 
closes the embryos of reptiles, birds, and 
mammals (hence called Amniota). 

AMPHIBIAN (Gr. both ; flto?, life) 
animals capable of living both on land 
and in water. 

ANATOMY (Gr. ava, up ; reVvw, I cut), 
the science of bodily structure, particu- 
larly as learnt from dissection. 

ANTIBODY (Gr. avri, opposed to), a 
substance formed as a reaction and de- 
fence against'foreign proteins. 

ANTITC3XIN (Gr. am', opposed to; rofi- 
Kov, poison), a kind of antibody, pro- 
duced as a reaction against certain types 
of poisons. 

ARTERY (Gr. a-qo, air ; rrjpfM, I keep), 
vessels which convey blood away from 
the heart to the organs, &c. ; most ar- 
terial blood is bright red as a result of 
being purified in the lungs, gills, &c. 
(The derivation recalls the mistaken be- 
lief of the early anatomists that the 
arteries contained air). 

ASEXUAL REPRODUCTION, repro- 
duction without sexual process ; e. g. 
budding, fission. 

AUTONOMIC NEPVOUS SYSTEM, 
that part of the nervous system which 


controls glands and unstriped (involun- 
tai^) muscles, and the heart. It com- 
prises the sympathetic and the parasym- 
pathetic systems (q. v.). 

AXON (Gr. afo)!/, axis), the main out- 
growth of a neuron (q. v.) ; axons con- 
stitute the essential portions of nerve- 
fibres. 

BACTERIA (singular. Bacterium), (Gr. 
paKTqpiov, little stick), extremely small 
single-celled plants, related to Fungi. 

BILE (L. bills, bile), a thick, complex fluid, 
secreted by the liver, which aids in di- 
gesting fats. > 

BIOMETRY (Gr. life; /jcarpou, 

measure), the application of mathema- 
tical computation to life-processes, es- 
pecially as regards variation and heredity. 

BLASTOMERE (Gr. flAao-ro?, embryo ; 
/ute'po?, part), one of the cells produced 
as the result of the segmentation of the 
fertilized egg. 

BLASTOPORE (Gr. flAaaxo?, embryo ; 
TTopoc, passage), the external opening of 
a Gastrula (q. v.), leading into the 
primitive gut. 

BLASTULA (Gr. /SAao-rd?, germ)^ the 
stage at the close of segmentation, m the 
development of multicellular animals, 
when the embryo is a hollow sphere, 
with no opening. 

CALORIE (L. calor, heat), a unit of heat. 
Small Calorie, the amount of heat re- 
quired to raise the temperature of one 
gram of water from i s° C. to 1 6® C. Large 
Calorie or Kilocalorie, the amount of 
heat to raise the temperature of one kilo- 
gram of water through the same interval. 

CAPILLARIES (L. capillus, hair), minute 
blood-vessels joining the ends of the ar- 
teries to the beginnings of the veins, 
with walls thin enough to permit the 
diffusion of soluble substances. 

CHITIN (Gr. a coat of mail), a 

horn-like substance secreted by Arthro- 
pods and some other animals as an ex- 
ternal skeleton. 

CHLOROPHYLL (Gr. x^^po?, green; 
</>uAAoi', leaf), the green substance which 
gives green plants their characteristic 
colour and enables them to utilize sun- 
light in building up their food. 

CHORDATE, an animal possessing a 
notochord. Chordates include Verte- 
brates (q. V.), Tunicates, Amphioxus, 
and a few other forms. 

CHROMATIN (Gr. xp^pa, colour), a 
constituent of the nucleus which stains 
very readily, and probably includes the 
hereditary constitution. 

CHROMOSOME (Gr. xpw/^«» colour ; 
au)pa, body), deeply-staining portions of 
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Chromativ (q. V.), of definite number I in vertebrates, the lungs, most of the 
in each species, which are formed pre- lining of the gill-slits, thyroid, thymus. 


paratory to nuclear division, and are 
longitudinally divided during the pro- 
cess. The bearers of the hereditary 
factors or genes. 

CILIA (L. cilium, eyelash), numerous mi- 
croscopic hair-like projections borne on 
the surface of some cells, which are 
capable of rapid, co-or'dinated move- 
ments. (See Flagellum.) 

CLOACA (L. cloaca t a sewer), a cavity in 
some animals into which the intestine, 
excretory ducts, and reproductive ducts 
discharge. 

COELOM (Gr. Koihia, the belly), the 
main body-cavity in which the gut is 
usually suspended. It contains a colour- 
less fiuid. 

CONVERGENCE (L. con, together ; ticr- 
go, incline), the evolution of similar form 
or structure in unrelated organisms, as 
the result of a similar mode of life, and 
not as the result of inheritance from 
common ancestors. 

CORPUSCLE (L. corpmculum,\\tt\c. body), 
a name given to some cells, such as 
blood corpuscles. (See p. 102 et seq.) 

CYTOPLASM (Gr. kvto?, vessel), the pro- 
toplasm of a cell, excluding the nucleus. 

DEDIFFERENTIATION, the process 
whereby specialized cells or tissues lose 
their characteristics, and become simple 
(undifferentiated). 

DOMINANT. When one form (allelo- 
morph) of a hereditary factor masks the 
effects of another form of the same fac- 
tor, when both are present together, the 
first is called dominant, the second reces- 
sive. 

ECTODERM (Gr, ckto?, outside ; Se'pfxa, 
skin), the outer of the Germ-layers 
(q. v.) produced in early development. 
From it, in higher forms, are produced 
epidermis and its products such as hair 
and feathers, skeleton of Arthropods, 
&c. ; the nervous system, sense-organs ; 
and nephridial excretory organs when 
present. 

EFFECTOR (L. efficere, to accomplish), 
organs whose function it is to liberate 
energy or produce material on behalf of 
the organism — e. g. muscles, glands, 
electric and phosphorescent organs. 

EFFERENT (L. ex, out ; fero, I carry), 
carrying away from : e. g. efferent (or 
motor) nerves carry impulses outwards 
from the central nervous system. 
ENDOCRINE SYSTEM (Gr. eV 5 oi/, 
within ; KpCveiv, to sejjarate), all the tis- 
sues of internal secretion ; the ductless 
glands. 

ENDODERM (Gr. evSov, within; 5 ep/ia, 
skin, membrane), the inner of the Germ- 
LAYERS (q. V.) produced in Metazoa 
during early development. From it, in 
higher forms, are produced the lining of 
the gut and of the digestive glands, and, 
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and parathyroid. 

ENDOSTYLE (Gr. evSnv, within ; orriAo?, 
pillar), a ciliated glandular groove in the 
floor of the pharynx of Amphioxus, 
where mucus is formed in which food is 
entangled. The thyroid gland of higher 
Vertebrates is derived from this. 

ENZYME (Gr. t•^', in ; >7, leaven), one 

of a group of substances in the body 
which bring about, or speed up, a par- 
ticular chemical reaction. 

EPIPHYSIS (Gr. tTTK^juon.?), the bony 
disk or pad, derived from a separatecentre 
of ossification, found at either extremity 
of limb bones and vertebrae. At matur- 
ity, the epiphyses become fused with the 
main body of the bone. 

EPITHELIUM (Gr. ini, upon; er)X-n, 
teat), a sheet of tissue, one or more cell- 
layers thick, covering or lining a surface. 

ERYTHROCYTE (Gr. epvOpo,, red ; 
KVTo<; cell), a red blood-corpuscle. 

EXCRETION (L. excretus, separated out), 
the process by which waste-products are 
removed from the body. 

EXTENSOR (L. extendo, I stretch out), a 
musde or muscles that straighten a joint. 

EXTEROCEPTOR (L. exter, outside; 
capire, to take), receptor organs affected 
by changes outside the body. 

FACTOR.S, of Heredity. See Gene. 

FAECES (L. grounds), the unutilized resi- 
due of the food iti the gut. 

FLAGELLUM (L. whip), a minute ex- 
ternal whip-like process of certain cells, 
capable of active movement. When 
such processes are small and numerous, 
they are called CiLIA (q. v.) ; if few, or 
single, flagella. 

FLEXOR (L. flecto, I bend), muscles that 
bend a joint. 

GAMETE (Gr. yapcriq^^ spouse), one of 
the cells which unite at fertilization to 
form a zygote. Gametes are usually 
distinguishable into male and female. 

GANGLION (Gr. yayy\iov, swelling), an 
aggregation of nerve cell-bodies. 

GASTRULA (Gr. yaai^P, belly), the 
stage of development in multicellular 
animals when the embryo is a two- 
layered sac surrounding the primitive 
gut, with one opening, the blastopore. 

GENE (Gr. yeVos, origin), the Mendelian 
units in the germ plasrn which control 
the appearance of definite characters in 
the offspring : hereditary factors which 
segregate according to Mendelian prin- 
ciplcs* 

GERM- CELL. A reproductive cell, or 
one which will give rise to reproductive 
cells : a cell which is not somatic. (See 
Soma.) 

GERM- LAYER . One of the fundamental 
two, or three, layers of cells which appear 
early in the development of multicellu- 
lar animals. All multicellular animals 
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have two, ectoderm and cndoderm ; 
most groups have also mesoderm. 

GERM-PLASM . The sum of the heredi- 
tary factors ; that part of the organism 
which is transmitted to its descendants 
in reproduction. 

GLAND (L. glans, nut), an organ whose 
chief function it is to secrete or excrete 
some special substance. 

GONAD (Gr. voi^o?, reproduction), an 
organ of sexual reproduction (ovary or 
testis). 

HAEMOGLOBIN (Gr. aVa, blood ; L. 
globus^ a round, hence g/ofew/iVi, a proteid), 
the red colouring matter in blood, con- 
cerned with the transport of oxygen. 

HERMAPHRODITE (Gr. the 

god Hermes ; ’AcfcpoficTrj, the goddess 
Aphrodite, having both male and female 
reproductive organs. 

HISTOLOGY (Gr. i<rTo?, web; Aoyoy, 
discourse), the study of tissues and types 
of cells in plants and animals. 

HORMONE (Gr. opfiaio, I stir up), a se- 
cretion which circulates in the body and 
influences organs and tissues other than 
those from which it was produced. 

HYDRANTH (Gr. vSpa, water-serpent; 
ai>0o9, flower), the flower-like indivi- 
duals, with nutritive function, of hydroid 
colonies. 

INHIBIT (L. inhibeo, I prevent), to check. 
The inhibitory action of nerves reduces 
the activity of muscles or glands. 

INSULIN (L. insula, an island), the in- 
ternal secretion of the pancreas, pro- 
duced by scattered groups of cells called 
the islets of Langerhans. Insulin is 
necessary for the utilization of sugar by 
the tissues. Lack of it causes diabetes. 

INTESTINE (L. intestinus, within), that 
part of the alimentary canal where di- 
gested food is absorbed and the undi- 
gested residue converted into faeces. 

KILOCALORIE. See Calorie. 

LARVA (L. larva, ghost, mask), a stage in 
the development of some animals, when, 
after hatching from the egg, they are 
self-supporting, but very different in 
structure and mode of life from the 
adult ; e. g. caterpillar, tadpole. 

LEUCOCYTE (Gr. a.ukov, white ; kvto?, 
vessel), a white blood-corpuscle. 

LINKAGE, The tendency of certain 
genes to remain together from genera- 
tion to generation, more frequently than 
would be expected on simple Mendelian 
principles, because they are situated in 
the same chromosome. 

LYMPH (L. lympha, water), a colourless 
liquid, containing corpuscles, circulating 
in the bodies of vertebrates. ^ Lympha- 
tics, the system of vessels which contain 
lymph. 

MAMMALIA (L. mamma^ breast), the 
class of vertebrate animals which suckle 
their young, and possess hair. 


MEDUSA (Gr. MeSovaa; th Gorgon), a 
name given to the main free-swimming 
type of Coelenterate, the jelly-hsh. See 
Polyp. 

MESENTERY (Gr. middle : ei/rc- 

poy, intestines), the double membrane, 
containing nerves and blood-vessels, 
which supports and keeps in place the 
gut in the body-cavity (coelom). 

MESODERM (Gr. pLeao<;, middle; Seppa, 
skin), the middle of the three germ- 
layers formed in the early development 
of most Metazoa. From it are derived, 
in higher forms, the muscles, the blood 
and circulatory system, the connective 
tissues, the coelom, the reproductive 
organs, coelomoduct excretory organs 
(e. g. vertebrate kidneys), and, in Verte- 
brates and Echinoderms, the skeleton. 

METABOLISM (Gr. /oieTajSoAi), change), 
a general term including all the chemical 
processes which take place in a living 
organism. 

METAMORPHOSIS (Gr. ju,eTaMop</>w«ri?, 
transformation), a relatively abrupt 
change in development from one phase 
to another with markedly different 
structure and mode of life. The change 
from Larva (q. v.) to adult. 

MITOSIS (Gr. juno?, thread), the pro- 
cesses in typical nuclear division, in 
which the Chromosomes (q. v.) appear 
as thread-like bodies. Also called Kar- 
YOKINL'SIS. 

MODIFICATION. A non-heritable 
variation in an organism, produced by 
the action of the environment, or by the 
use or disuse of parts. (See also Mu- 
tation, Recombination.) 

MORPHOLOGY (Gr. p-op^v, form; 
A6yo9, discourse), the study of structure 
and form, 

MOTOR (L. motus, motion). See Ef- 
ferent. 

MUTATION (L. mutatio, change), a sport 
or variety, which appearssuddenly owing 
to a change in the hereditary constitu- 
tion : a variation in an organism which 
appears suddenly and is inherited (see 
also Modification and Recombina- 
tion). Most mutations affect single 
Genes (q. v.) ; others are due to the 
addition or subtraction of single chromo- 
somes or sets of chromosomes. 

NEUROBLAST (Gr. uevpou, sinew; 
jSAatrro?, germ), an embryonic cell of 
nervous tissue : one of the cells from 
which Neurons (q. v.) are formed. 

NEURON (Gr. vevpov, sinew), a cell- 
unit of the nervous system : a nerve- 
cell with all its processes, including the 
Axon (q. v.) or nerve-fibre springing 
from it. 

NOTOCHORD (Gr. vmtov^ back ; gopSi^, 
string), a rod of cells in all vertebrate 
embryos, which is the precursor of the 
backbone, and which in some lower 
Cliordates (e. g. Amphioxus, Lamprey) 
persists throughout life. 
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NUCLEUS (L. a kernel), a specialized 
part of the protoplasm in the interior of 
all typical cells ; it is rich in chromatin, 
and contains the chromosomes. It is 
essential both for metabolism and 
heredity. 

ORTHOGENESIS (Gr. 6 p 0 o?, straight ; 
7fVf<n«r, descent), evolution in a definite 
direction. 

OVUM (plural. Ova) (L. ovum, egg), a 
female gamete or egg. 

PARASITE (Gr. TrapatriTo?, one who 
feeds at another’s table), an animal 
or plant which lives and grows upon 
another living organism, and gives 
nothing in return. 

PARASYMPATHETIC SYSTEM (Gr. 
napd, beside + sympathetic, q. v.), part 
of the Autonomic Nervous System 
(q. V.) chiefly concerned in the stimula- 
tion of muscles and glands connected 
with vegetative activities like digestion, 
reproduction, &c., and in the inhibition 
of processes concerned with violent 
action of the organism as a whole. (See 
Sympathetic.) 

PARATHYROID (Gr. napd, beside + 
thyroid, q. v.), a small ductless gland, 
situated near the thyroid, which controls 
the calcium metabolism of the body. 

PERISTALSIS (Gr. rrtptcrTeAAw, I con- 
strict), rhythmic waves of contraction 
and relaxation of the involuntary muscles 
of the gut and other tubular viscera, 
which force the contents along the tube. 

PHAGOCYTE (Gr. ^ayrZi/, to devour ; 
/cuTo?, cell), amoeboid cells in the bodies 
of multicellular animals, which devour 
foreign bodies, including dead cells of 
the same organism, intruding bacteria, 
&c. Phagocytosis, the action of pha- 
gocytes. 

PHYLUM (plural, Phyla) (Gr. 
tribe), one of the mam groups of the 
Animal Kingdom, of which about twelve 
are recognized. 

PHYSIOLOGY (Gr. (ftvaioXoyla, an in- 
quiring into nature), the study of the 
functions of organisms. 

PITUITARY BODY (Upituita, mucus), 
a small ductless gland at the base of the 
brain. It is divided into anterior and 
posterior lobes. 'Phe secretion of the 
anterior lobe appears to regulate growth; 
that of the posterior lobe to stimulate 
smooth muscle, to cause amphibian pig- 
ment cells to expand, &c. 

PLACENTA (L. a flat cake), the organ in 
higher mammals by which the embryo 
is nourished and supplied with oxygen 
within the mother’s body. It is formed 
of interlocking maternal and embryonic 
tissue, in which embryonic blood-vessels 
come into closd contact (but not open 
communication) with maternal blood- 
vessels. A somewhat similar arrange- 
ment is found in some sharks. 

PLASMA (Gr. irAacT/aa, formative ma- 
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terial), the fluid part of blood ; blood 
minus the corpuscles. 

POLYP (Gr. rroAuTTov?, many-footed), a 
name given to the sessile type of Coelen- 
terate (e. g. Hydra, sea-anemone, coral) 
on account of their numerous tentacles. 
(See Medusa.) 

PROPRIOCEPTOR (L. proprius, one’s 
own ; cap&re, to take), receptor organs 
aft’ected by changes within the body 
(e. g. altered balance ; differences in 
muscular tension). 

PROTOPLASM (Gr. Trpwroc, first ; 
nXaiTfLa^ form), ‘ the physical basis of 
life ’ ; the living substance contained in 
organisms. 

PROTOZOON (plural. Protozoa) (Gr. 
npioTOf;, first ; Cvou, animal), a unicellu- 
lar animal. 

RECEPTOR (L. receiver), those organs 
whose function is to be sensitive to sti- 
muli. (See Exteroceptor, Proprio- 
ceptor.) 

RECESSIVE. One form (allelomorph) of 
a hereditary factor whose effects are 
masked by another (dominant) form of 
the same factor. (See Dominant.) 

RECOMBINAI’ION. A variation in an 
organism produced by a fresh combina- 
tion of existing hereditary factors. (See 
also Modification and Mutation.) 

REFLEX (L. re, back ; JiectSre, to turn), 
a movement which takes place indepen- 
dently of the will, as a result of stimula- 
tion and of predetermined connexions 
in the nervous system : the setting into 
action of an effector organ, as a result of 
stimulation of a receptor organ, through 
predetermined paths in the nervous 
system. 

SECRE'ITN. A secretion from the lining 
of the inte.stine which, conveyed in the 
blood, causes the pancreas to produce 
its external secretion, pancreatic juice. 

SECRETION (L. secerno, I set apart), 
( I ) a substance formed by the activity of 
a gland — e. g. bile from the liver : gas- 
tric juice from the wall of the stomach : 
saliva from salivary glands ; (2) the 

formation of such a substance. 

SEGMENTATION (L. segmentum, a cut- 
ting), dividing into parts. (i) segmen- 
tation of the egg ; the division of the 
activated egg into a number of small 
cells or blastomeres ; (2) metameric 

segmentation : the ‘ cutting-up ’ of the 
body of many higher metazoa into a 
number of parts, produced originally by 
the reduplication of the trunk region. 

SEGREGATION. The clear-cut separa- 
tion of the members of a pair of hereditary 
factors or genes from each other before 
the formation of gametes ; separation of 
a pair of genes without mutual con- 
tamination. 

SENSORY (L. sentio, I feel), see Afferent. 

SERUM (L. whey), a watery fluid that 
separates from blood when it clots. 
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SOMA (adjective, Somatic) (Gr. awju.a, 
body), the individual body of an organ- 
ism as opposed to the germ-cells : that 
part of the organism limited to its indi- 
vidual life as opposed to that part cap- 
able of reproduction. 

SPERMATOZOON (or Sperm) (plural, 
Spermatozoa) (Gr. <rrrep/u.a, sperm ; 

animal), the male gamete, when 
markedly different from the female ga- 
mete. Most sperms are capable of active 
swimming. 

SPHINCTER (Gr. <ji>iyyuy, I bind tight), 
a circular band of muscle which can 
close an aperture by its contraction. E.g. 
the sphincter of the pylorus of the 
stomach. 

SYMPATHETIC SYSTEM (Gr. 
with ; 7ra0o?, suffering), part of the 

Autonomic Nervous System (q.v.) 
chiefly concerned in the stimulation of 
muscles and glands connected with vio- 
lent activities of the whole organism 
(e. g. defence, attack, flight, &c.) and in 
the inhibition of vegetative processes 
like digestion. (See Parasympathetic.) 

THYMUS (Gr. soul), a glandu- 

lar body in the neck region, of unknown 
function, derived from the epithelium of 
certain gill-slits. 

THYROID GLAND (Gr. 

shield-shaped), a ductless gland situated 
in the front of the neck, and derived 
from a pocket in the door of the pharynx. 
Its secretion, thyroxin (C15H11O4NI4), 
accelerates the rate of metabolism, and 
causes the metamorphosis of Amphi- 
bian tadpoles. 

TRACHEA (Gr. rpayu?, rough), (i) in 
land vertebrates, the windpipe ; (2) in 
insects and spiders, one of a number of 
air-tubes which constitute the respira- 
tory system. 

TRACHEOLE (diminutive of Trachfa), 
one of the ultimate fine branches of the 
Tracheae (q. v.) of insects and other 


land Arthropods. Tra^heoles may 
penetrate the interior of cells. 

UREA (Gr. ovnnv, urine), a nitrogenous 
compound (CO(NH2)2), the chief waste 
product discharged in mammalian urine. 
The first organic compound to be arti- 
ficially synthesized. 

VASOCONSTRICTOR (L. vessel ; 
-j- constrict), causing the contraction of 
blood-vessels. 

VASODILATOR (L. vas, vessel ; + di- 
late), causing the expansion of blood- 
vessels. 

VASOMOTOR (Ty. vas, vessel ; motor, 
mover), controlling the movements 
(contraction or expansion) of blood- 
vessels. 

VEIN (L. vena), a vessel which conveys 
blood from the tissues to the heart. Most 
venous blood is dark in colour as the re- 
sult of the removal of oxygen by the 
tissues. 

VERTEBRA (plural, Vertebrae) (L. 
joint), one of the cartilaginous or bony 
segments of the spinal column. 

VERTEBRA'PE. An animal having a 
backbone. The group of vertebrates 
includes cyclostorncs, fish, amphibia, 
reptiles, birds, and mammals. (See 
Chordates.) 

VESTIGIAL (L. vestigium, trace), an 
organ which has become reduced in the 
course of evolution until its original 
function is wholly lost. E. g. the hind- 
limb of whales. 

VITAMIN (L. vita, life ; amine, one of 
the compound ammonias), ‘ an un- 
known but essential accessory factor of 
diet ’. Several different vitamins exist. 
Their absence leads to such diseases as 
beri-beri, scurvy, &c. 

ZYGOTE (Gr. joined together), 

the cell produced by the fusion of the 
gametes in sexual reproduction. In 
Metazoa this is the fertilized ovum. 
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Bat, 83, 84, 240, 243 
hean-seeds, 218-20 
Beaver, 243 
Bee, 288, 294 
Beetle, 222, 292, 294, 296 
Bernard, Charles, 113 
bile, 110, 111, 112 
bile-duct, 9 

biological progress, 235-40 
biometry, 72 

birds, 79, 83-4, 223-4, 304, 
306, 316-18 
Birgus, 297 
bivalve, 298 
bladder, 15 
blastula stage, 44, 45 
‘ blind spot 135 
blood : composition, 34, 
102-5, IS3-7, 159-60; 
purpose, 16-19, 102 3 ; 
importance, 116 ; circula- 
tion, 97-101. 

blood-pressure, 147-8; -sup- 
ply, 147-50 ; -system, 
10-14, 16, 17 
Boa-constrictor, 318 
bone, 23, 159-60, 326 
bone-cells, 37 ; -grafting, 
185-6 

Bower-bird, 214 
Brachiopods, 297, 301-2 
brain, 25-6, 29-31, 136-44, 
169, 320, 324-8 
breast-bone (sternum), 24 
breathing, 95-8, 153-5, 286 
bronchi, 96 
Brontosaurus, 314 
Brownian movement, 262 
Buffalo, 243 

Butterfly, 214, 294, 296 

CALANUS, 286 
calcium, 159, 166 
calcium phosphate, 1 59-60 
cancer, 165 

capillaries, 12-13, 16, 98, 
99, 100, 102 

carbohydrates, 89-90, 93, 
107, no 

carbon dioxide, 15, 86-7, 
102, 1 14, *53-4 
cartilage (gristle) cells, 36-7 
cat, 326 
caterpillar, 294 
cell, 33-40, 165 ; see egg 
cellulose, 112-13 
Cephalopods, 298-301 
Ceratodus, 313 
Ceratosaurus, 242 
cerebellum, 26, 139-40 
cerebrum, 26, 136, 140-3 
Chelonian, 242 


Chimaera, 194 
Chimpanzee, 327, 330 
chitin, 284 
chloride, 156 
chloroform, 169 
cholera, 168 

Chordates, see Vertebrates 
chromosomes, 58-61, 64-5, 
72-4, 200 
Cicada, 285 
cilia, 286 

clotting of blood, 165-6 
cochlea, 129, 130 
Cockroach, 41, 284, 287 
Cod, 310 
codosiga, 264 
Coclenterates, 255, 267-75 
coelom, 281 
Coelomata, 275 
collar-cells, 2 60 
communities, 294-5 
condylarthran, 243 
connective tissue, 37-8, 187 
convergence, 83, 223 
Coot, 224 
Copepods, 262 
coral, 235, 272-3 
cornea, 132 

corpuscles, 34, 103, 106 
Coryphodon, 324-S 
Cow, 112, 326 
Cowrie, 302 

Crab, 50, 176, 223, 225, 244. 
262, 286,292,297,299,319 

cramps, 159 
cranial nerves, 26 
cranium, 22 
Crayfish, 6-7, 41, 286 
creatinine, 114, 115 
cresol, 160 

cretinism, 162, 188, 190 
Crocodile, 78, 152, 242, 3 *3 
318 

cross-breoding, 65-71 
Crow, 224 

Crustacea, 82, 173, 290 
curiosity, 330 
Cuttlefish, 217 
Cyanea, 269 
cytoplasm, 34 
cytozyme, 166 

DANDELION, 206-7 
Darwin. Ch., 75, 204, 210-13 
Dasypeltis, 223 
dedifferentiation, 179-81 
Deer, 176, 214, 243,262,326 
degeneration, 244-5 
depressors, 147 
development, 42-51, 170- 
201 

diabetes, 156, 161 
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diaphragm, 14, q 6 
differentiation, 179-81,194- 
201 

digestion, 9~i 1 , 17-18, 106- 
16; and breathing, 1 54-5 
digitalis, 168 
Dinosaur, 242, 314 
diphtheria, 166-7, 189 
Diplodocus, 242, 3 14-IS 
Dog, 31, 140, 218, 230-2, 

324-5 

Dogfish, 281, 309-11 
Dormouse, 152 
Dove, 21 1 

Dragon-fly, 246, 293, 296 
dropsy, 167 

Drosophila, 59, 70-1, 74, 221 
drugs, 168-9 
Dugong, 243 
duodenum, no 
dwarf, 163 
dysentery, 261 

EAR, 22, 25, 129-32 
Echidna, 320 
Echinoderms, 297, 302 
effector organs, 28-9, 117-18 
efferent nerves, 28 
egg. 44-8. 51-2, 55 ; divi- 
sion of, see segmentation 
Elasmobranchs, 310-12 
Elephant, 212, 252-3, 262, 
323, 326 

elixir of life, 178 
embryo, 48-9, 76-7, 80-1, 
199, 320-2 

endocrine system, 190-2 
endostyle, 308-9 
energy, 90-3 ; see matter 
environment, adaptation; 

control of, 231-2 
enzymes, 106-7, 1 10-13, 

155, 160 
Eohippus, 241 
epidermis, 35 
epiglottis, 108 
epileptic fit, 142 
epiphyses, 164 
epithelium, 34-5 
Epsom salts, 168 
ether, 169 

Eustachian tube, 129 
evolution : theory, 78-85 ; 
methods, 202-22, 236; pro- 
cesses, 223-53 ; periods, 
‘232-4 ; results, 254-335 ; 
summary, 332-S 
3 Xcitation, 29 
excreta, 10 
excretion, 15 

exteroceptor organs, 24, 123 
eye, 25, 132-6, 296-7 

FAECES, 10, III, 1 13 
fat, 107, 1 10-14, 160 
fats, 89-90, 93 
fatty acids, 1 12 
feathers, 223, 316 

feet, 23. 223-4 


Index 

fertilization, 54, 63, 64 
fibrinogen, 166 
fibroblast, 165 
fins, 310 

Fish, 79, 82, 95, 100, 132, 
225-8, 230-2, 240-2, 246, 
301, 306, 310-12; ‘funny 
fish\ 311-12 
fission, 261 
flagella, 286 
flight, 287 
Fly, 72, 294, 296 
Flying-fish, 310 
focus, 134 
foetus, 48 
food, see nutrition 
fossils, 84-5, 204, 232, 234, 
252-3, 273, 303, 306, 316 
Frog, 5-62,84, 100, 113,174, 
180, 184, 194, 196, 235 
frog-spawn, 42, 44 
fructose, 110 

functional adaptation, 183- 
Fungi, 4 

GALL-BLADDER, iii 
game-birds, 214, 216 
gametes, 55, 58, 60, 62-4, 
67-70, 72 
ganglia, 25 
gastric juice, 109 
gastropod, 298-300 
gastrula stage, 44 
gastrulation, 194-6 
genes, 62, 63 
genetics, 2 

geological periods, 233 

germ-layers, 46 

germ-plasm, 209, 210 

giant, 163-4 

gills, 42, 5o» 95. 100 

Giraffe, 243 

glands, 35, 106, 190-2 

glucose, 1 10, 1 12-13, 156, 162 

glycerol, 1 12 

glycogen, 113, 160 

Glyptodont, 243 

goitre, 183-4 

gonads, 164, 191 

grafting, 194-6 

Grasshopper, 23, 214, 227 

Grebe, 213, 214 

grey matter, 140 (brain) ; 

124 (spinal cord) 
gristle, see cartilage 
growth, 163-4 
grub, 294 
gullet, 8, 107 
gut, 160, 275, 281 

HAECKEL, 79 
haemoglobin, 34, 102, ill, 
284 

hair, 82,84, 191-2,223,310, 
320 

Halimeda, 226 
Harvey, William, I2 
head, 282-3 
hearing, 129-30, 136 


heart, 12, i6,i^97-9, 146-8, 
I 58-60 

heart disease, 167-8 
heat regulation, 150-3 
Hedgehog, 152, 243 
heredity, 59, 62-85, 212, 
218 ; human, 70-4 
Herring, 262, 310 
hip-girdle, 23 
Hippopotamus, 324-5 
histology, 33 
homology, 83 
hormones, 18 

Horse, 6, 84, 212-14, 217, 
237-41, 247-8, 252, 326 
Humming-bird, 318 
Hydra, 145, 172, 229, 231-2, 
235, 268-72 
hydranths, 271 
hydrochloric acid, 153-4 
hyoid, 22 
Hypohippus, 241 


ICHTHYOSAUR, 228,240, 


242, 314 


Iguana, 318-19 


Iguanodon, 242 


imago, 294 

‘ immune bodies’, 167 
individuation, 235-6 
indol, 160 

infectious diseases, 166-8 
inhibition, 29, 144 
inoculation, 19 
Insects, 95, 136, 173, 286-97 
insulin, 161 

internal environment, 158- 
69 

internal secretions, 18 
intestine, 9, 10, 1 10, 112-14, 
272, 275, 281, 296-7 
inulin, 110 

invertebrates, 262-302 
involuntary muscle, i 20 
iodide, 162 
iodine, 162, 183-4 


ins, 132, 135 


JACANA, 223, 224 
Jaguar, 243 
jaundice, iii 

Jelly-fish, 22,95, 130,268-9, 
271, 274 
Jerboa, 23 
Johannsen, 218 
juvenile period, 50 


KANGAROO, 23, 192, 320, 
322 

kidneys, 13, 15, 35, 114-16, 
155--61, 163, 183 
kidney disease, 167 
kilocalorie, 88 


LABYRINTH, 129 
lacteals, 113 
lactic acid, 154 
lactose, 1 12 

Lamarckian theory of evolu- 
tion, 204-10, 217 



Lamellibranrhs, 298 
lampern, 308-9 
Lamprey, 308-10 
Lantern-bug, 228 
larva, 283, 294 
larval period, 48 
Leech, 282, 286 
Lemur, 326, 328 
lens, 132 
Lepidosiren, 313 
leucocytes, 165 
Limpet, 298 
Lingula, 250 
linkage of factors, 64, 73 
Linnaeus, 255 
Lion, 214. 240, 326 
Litopterna, 243 
liver, 9, II, 35, no, 113-14, 
155, 160-1, 183 
Liver-fluke, 273 
Lizard, 78-9, 174-6, 242, 
313. 318 

Lobster, 95, 262, 286 
locomotor ataxy, 123 
Lumbriculus, 172 
lung, 14, 95-g, 153 
lung diseases, 167 
Lung-fish, 312-13 
lymph-nodes, see glands 
lymphatics, 19, 106 


MACHINES, 248-52 
Mackerel, 262 
maggot, 294 
malaria, 168, 261 
malignant tumour, 165 
malpighian tubules, 296 
maltose, 106, 112 
Mammals, 79, 83 , 304-6,3 1 8 
Mammoth, 243 
Man, 6, 31, 34, 84, 230-2, 
235, 281, 330-3 
Marmoset, 328 
Marsupials, 304, 320, 322 
matter and energy, 86-94 
measles, 189 
medulla, 26 

medulla oblongata, 136-9, 
147 

medusae, 269, 271, 273 
Mendelism, 62-74 
mercaptan, 128 
mesentery, 10 
metabolism, 16 
metameric segmentation, 282 
metamorphosis, 48 
Metazoa, 266-75 
methane, 112 
Michigan sheep, 162 
mid-brain, 139 
milk, 320, 322 
mimicry, 224, 226 
Minnow, 197 
mitosis, 56-7, 59 
modification, 218-21 
Mole, 240, 322 
Mollusc, 173, 282, 297-301 
Monkey, 31, 326 
Morgan, 221 
Moth, 294-6 


Index 

motor areas ot brain, 137, 
142-4 

motor nerves, 28 
movement, 19-24 
mucus cells, 35 
Muller, 1 21 
mumps, 106 

muscle, 19-20, 35-7, 119- 
20, 146, 186-7 
Mussel, 298, 301 
mustard, 121 
mutation, 74, 218-21 
Myriapods, 286 
myxoedema, 162 

NASAI^ capsules, 22 
natural classification, 254-5 
natural selection, 75, 78, 
204, 210-16, 221-2, 252 
nauplius, 3 
Nautilus, 298, 300 
nemacysts, 269 
Nematode, 274-5, 286 
Nemertine, 274-5 
nerve, 25-41, 119 
nerve-cells, 38 ; -fibres, 38, 
1 19, 1 21 ; -net, 270-2 
nervous impulse, 119 
nervous system, 24-32, 38- 
41, ii7-44» 270 
Newt, 78-9, 172, 174, 176, 
184, 196 

notochord^ 46, 79 
nuclear division, see mitosis 
nucleus of cell, 33 
nutrition, 2-5, 8-10, 13, 89- 
94 

OriELIA, 179-80 
Octopus. 298-300 
oesophagus, 107 
old age, 50 
olfactory lobes, 26 
oocyte, 55 
Opossum, 320 
optic thalami, 140 
Orang outang, 243 
orbit, 22 

organic regulation, 145-57 
organism, 41 
‘organizer’, 196 
orthogenesis, 2i7“i8, 252-3 
osculum, 266 
Ostrich Dinosaur, 240 
otoliths, 130 
ovaries, 51-2 
over-production, 212 
oxidation, 13-15. 87-9, 92 
oxygen, 102, 114, 145-6, 
ISO, I53~4. IS7. 160, 162 
Oyster, 298 

‘PACEMAKER’, 146 
pancreas, 9, 17, 18, 35, 1 10- 
12, 161, 183 

pancreatic duct, 9 ; juice, 35 
araffin, 208 
aramecium, 55 
parapodia, 283, 285 
parasitism, 244-5, 261 
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parasympathetic nervous 
system, 138-9 
parathyroid, 164, 312 
Parazoa, 266 
Parciosaurian, 242 
Peacock, 214 
pedicellariae, 302 
pepsin, 107, no 
peptones, 1 10, H2 
Periwinkle, 298 
phagocytosis, 104, 180 
Phalangers, 322 
Pheasant, 214-15 
Phenacodus, 324-5 
phenol, 160 
phosphates, 159 
phosphoric acid, 114 
phylum, 254 
Pig, 324-5 
Pigeon, 21 1 

pituitary, 18, 163-4, IQO 
pituitnn, 163 
Placentals, 322-3, 327 
Planarian, 171, 176-8, 181- 
2, 196, 274 
plant-bug, 229 
plants and animals, 2-5 
platelets, 105 
Platypus, 320 
Plesiosaur, 242, 314 
pneumonia, 167 
Polar Bear, 318 
Polychaetes, 282 
Polygordius, 283 
polyp, 106, 268-74, 295 
Porpoise, 228 
portal vein, 13,16 
potassium, 159; salts, 145 
Prawn, 182, 290 
pre-natal care, 320, 322 
proprioceptor organs, 24, 
123 

proteins, 18, 89-90, 93, 107, 
no, 112, 114-15, 160-1 
proteoses, no 
protoplasm, 33 
Protopterus, 313 
Protozoa, 172, 260-6, 286 
Ptarmigan, 224 
Pterodactyl, 83, 240, 242, 

314, 317 

Pteropods, 298 
ptyalin, 106-7, 112 
pulmonary artery, 98 ; vein, 
99 

pupa, 294 
puppy, 185 
pure line, 219 
pylorus, no 
Python, 318 
Pythonomorph, 242 

QUININE, 168 

RAY, 3 10 

recapitulation, law of, 79 
receptor organs, 24-30, 1 17- 
19, I2I-3 

recombination of units, 63-5, 
68-70 
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rectum, lo 
reflex arc, 29, 3 1 
reflexes, 29-31, 117-18, 

124-6, 130, 132, 144 
regeneration, 171-8, 181-4, 
186 

relationships of main groups 
of animal kingdom, 257-9 
reproduction, 42, 51-62, 261 
reproductive organs, 52-62 
Reptiles, 78, 83 , 304-6, 3 1 2- 
14, 318 

retina, 132, 135 
Rhinoceros, 243, 324-5, 326 
ribs, absence of, in frog, 23 
rickets, 160 
Ringcr’s solution, 158 
Rotifers, 275 

SACCULINA,3,244-5 
Salamander, 59,78-9, 173-4, 
312 

saliva, 106-7 
salivary gland, 35 
salts, 89, 93, 114 
Sand-hoppers, 286 
Scorpion, 286, 292 
Sea-anemone, 268, 273 ; 

-eagle, 220 ; -gull, 201 ; 
-horse, 310; -serpent, 
314; -squirt, 307 ; -urchin, 
54, 212, 302 
Seal, 214, 243, 318 
secretin, 18 

segmentation of egg, 45, 46, 
58 ; of insects, 282-6 
segregation, law of, 63, 65-8 
semilunar valves, 98 
sense-organs, 127, 295 
sensory areas of brain, 137, 
142-4 

sensory nerves, 28 
serozyme, 166 
sexual characters, secondary, 
164 ; -maturity, 50 ; -re- 
production, 261-2 (see 
reproduction) ; -selec- 
tion, 213-16 
Shag, 224 
shank-bone, 23 
Shark, 281, 310-11 
Sheep, 112, 162, 218 
shell-fish, 50, 297 
shoulder-girdle, 23-4 
Shrew, 328 
Shrimp, 131, 286 
sight, 132-6 
size, 276-80, 318 
Skate, 310 
skatol, 160 
skeleton, 6, 20-4 
skin, 149-52 
Skink, 242 
skull, 22 

sleeping sickness, 261 
slime-cells, 35 ; -glands, 35 
Sloth, 240, 243 
Slug, 302 


Index 

smell, 25, 127-8, 295 
Snail, 112, 298, 300 
Snake, 78, 79, 152, 223, 242, 
313 

sodium chloride, 116, 158 
sodium hydrogen carbonate, 
^ J54 
Sole, 310 
soma, 209, 210 
somatic cells, 265 
Sparrow, 222, 252 
specialization, 240-53 
spermatozoa (sperms), 52-3 , 
55 

Sphenodon, 242 
sphincter, 9 

Spider, 95, 214, 216, 286, 
292, 297 

Spinal cord, 22, 26, 29, 31, 

124-7 

spinal nerves, 26, 29 
Sponges, 265-8 
Squid, 298 
Squirrel, 243 
Starfish, 54, 301-2 
statoliths, 130 
sternum, see breast-bone 
stomach, 9, 109 
stone implements, 329, 332 
sugar, no, 112-15, 158-61 
sulphates, 115 
sulphuric acid, 114, 160 
sun-burn, 208 
Swan, 298 
sweat, 86, 150-2 
sweat-glands, 35 
supporting tissues, 37 
Sycon, 267 

sy m pathetic nervous system , 
26, 138-9 
synapse, 28 

TADPOLE, 42, 95, 174, 
180, 190-1, 193, 196, 281 
Tapir, 247 
Tarantula, 292 
Tarsier, 328 
taste, 25, 127 
teeth, 22, 305, 310 
Teleosts, 310-12 
temperature, 152-3, 31^, 
318 

tendon, 23 ; -fibre, 186-7 
Termite, 294 
thalamus, 140-1 
Theromorph, 242 
thigh-bone, 23 
thoracic duct, 105, 113 
thread-cells, 269 
threshold, 156 
thyroid, 18, 161-2, 183, 190, 
309, .312 
thyroxin, 162—3 
tissues, 153-7 
Titanothcre, 243 
Toad, 78-9, 174-5 
Tortoise, 78, 242, 313, 318 
touch, 35 


toxin, 166 
trachea, 14, 95-6 
transport in the body, 95- 
1 16 

Triceratops, 242 
tricuspid valve, 98 
Trochophore, 283 
Trout, 310 
truncus, 17 
trypsin, 1 12 
Tunicates, 306, 310 
Turtle, 318 

twins, ‘identical’, 72-3 
typhoid, 167, 168 
Tyrannosaur, 240, 314 

UINTATHERIUM, 324-5 

Univalves, 298 

urea, 15, 114-15, 156-7 

ureters, 114 

uric acid, 114, 115 

urine, 35, 115-16, 155-6 

Urodele, 43 

VACCINATION, 19, 189 
vagus nerves, 26 
vaiiation, 212, 218-21, 252 
vasoconstrictors, 148 
vasodilators, 149 
veins, 12, 98, 99, 100, 106 
ventricles, 16, 17, 98-9 
Vertebrates (Chordates),79, 
254, 282, 303-5 
vestigial organs, 82, 84 
villi, no 
vitamins, 93-4 
voluntary actions, 117 
voluntary muscle, 119 
von Baer, 82 
Vulture, 318 

WALRUS, 318 
Wasp, 226, 287-8, 294 
water, 89, 114, 115, 116 
Water-flea, 268, 286 
water-vapour, 86 
web-footed birds. 223, 224 
weight, 86-7, 318 
Weismann, 209 
Whale, 82, 84, 192, 228, 240, 

243, 301. 318, 321-3, 326 
Whelk, 298 
white matter, 124 
wind-pipe, 96 
Wolf 322 
womo, 163 
Wombat, 322 
Wood-lice, 286 
Worm, 53-4, 95, 106, 173, 
176-8, 230-2, 235, 274“5» 
281, 282-6 
wrist, 23 

X-RAYS, 256 

YEAST, 160 

ZYGOTE, 55, 58-61, 200 







